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Abstract
Subject-specific Finite Element Models of the Human Knee for Transtibial Amputees
to Analyze Tibial Cartilage Pressure for Gait, Cycling, and Elliptical Training
Jonathon Stearns

It is estimated that approximately 10-12% of the adult population suffers from
osteoarthritis (OA), with long reaching burdens personally and socioeconomically. OA
also causes mild discomfort to severe pain in those suffering from the disease. The
incidence rate of OA for individuals with transtibial amputations is much than average in
the tibiofemoral joint (TF). It is well understood that abnormal articular cartilage stress,
whether that be magnitude or location, increases the risk of developing OA. Finite
element (FE) simulations can predict stress in the TF joint, many studies throughout the
years have validated the technology used for this purpose. This thesis is the first to
successfully validate a procedure for creating subject-specific FE models for transtibial
amputees to simulate the TF joint in gait, cycling and elliptical exercises. Maximum tibial
cartilage pressure was extracted post-simulation and compared to historical data. The
body weight normalized contact pressure on the tibial articular cartilage for the two
amputee participants was larger in magnitude than the control participant in all but the
medial compartment in cycling. Additionally, cycling exercise produced the smallest
values of contact pressure with elliptical and gait producing similar max values but
different areas of effect. The results from this thesis align with the body of work
preceding it and further the goal of a FE model that predicts in-vivo articular cartilage
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stress in the TF joint. Future studies can further refine this methodology and create
additional subject-specific models to allow for a statistical analysis of the observed
differences to find if the results are significantly different. Refining the methodology
could include investigating the full effect of the damping factor on contact pressure and
exploring alternative methods of mesh generation.

Keywords: FEA, Abaqus, Tibiofemoral Joint, Subject-specific, meshing, amputee,
open-source, cartilage
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1. Introduction
1.1. Motivation
Osteoarthritis (OA) is a degenerative joint disease that occurs most frequently in the
hands, hips, and knees. One working definition of OA is a collection of conditions that
lead to symptoms associated with reduced structural integrity and mechanical
performance of articular cartilage (AC) in addition to related changes in the underlying
bone.[1]. It is estimated that approximately 10-12% of the adult population suffers from
OA, with long reaching burdens personally and socioeconomically. OA causes mild
discomfort to severe pain in those suffering from the disease, a personal economic burden
can be as high as $7,500 per year in medical costs and lost wages. A 2015 study found
that adults with OA incurred $318.4 billion in health care costs and suffered $10.1 billion
from lost wages. A comparison of the health costs of adults with and without OA
estimates the direct costs of OA to be $45 billion in health care costs and $1.7 billion in
lost wages [2]. Aside from the economic standpoint, the quality of life of these
individuals is impacted in a way that prevents many from leading the lifestyle they wish
to. There is currently no cure for OA, according to the Centers for Disease Control and
Prevention (CDC) most physicians will recommend several therapies to treat OA
symptoms, most commonly these treatments are physical activity therapies to activate
biological signals for the health of AC [3]. With an approximate 30.8 million Americans
suffering from OA in 2015, a population largely composed of those over the age of 45
and military veterans, preventative measures that can help to mitigate the number of
people suffering from this disease are of extreme interest [4], [5].
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This thesis finalizes the work done by the Cal Poly Human Motion Biomechanics
(HMB) lab for a project funded by US Army Medical Research and Materiel Command
that addresses the problem of decreased quality of life due to the high prevalence of
osteoarthritis for military transtibial (TT) amputees. Specifically, the research conducted
with funding from this grant addresses the lack of studies aimed at measuring and
predicting intact limb knee and hip joint and articular cartilage tissue loads in transtibial
amputees using prostheses during common fitness sustainment exercises [6]. The
exercises analyzed in this thesis are gait (walking), stationary cycling and elliptical
training. Since abnormal loading of the articular cartilage contributes to the development
of early-onset OA, it is valuable to determine if these common fitness sustainment
exercises have significantly different impacts on articular cartilage loading. This is the
primary goal of this thesis.
A secondary goal of this thesis is to develop a robust, repeatable and semi-automated
schema for developing subject-specific finite element (FE) models of the human
tibiofemoral joint. The modelling schema should be replicable for individual researchers
and for various subject-specific geometries obtained from MRI scans. If such a schema
can be created, it would greatly enhance the ability of researchers to explore the effects of
various conditions that are currently correlated to early-onset OA in the TF joint on the
cartilage without invasive methods. The models are required to be robust to enough to
accurately and consistently output results for various exercises.
It is known from various cohort studies [5], [7] that TT amputees have a significantly
higher incidence of knee (TF) OA than non-amputees. This OA is a degradation of the
articular cartilage attached to the tibial plateau and predominantly occurs in the intact leg
2

of the TT amputee. The principal belief held for the cause of this accelerated degradation
is when there is significant trauma to a lower limb, the human body compensates by
loading the native, intact limb in a way not intended and at magnitudes outside of the
range of normal activity [8]. This abnormal loading of the TF joint induces a larger
contact stress between the femoral articular cartilage and the tibial articular cartilage, the
larger stress is tied to the larger strains in the articular cartilage which leads to accelerated
fatigue of the tissue [9]. This implies the most direct measurement for OA risk in the TF
joint is the contact pressure on the articular cartilage.
The loading of a human knee is a complex problem. The materials involved are
highly non-linear, the loading varies in intensity and frequency over the course of a day,
and the geometry of the knee is different from subject-to-subject. These three are the
main factors in the drive towards creating a methodology for subject-specific numerical
analysis of the response to particular loading cases. The Finite Element (FE) method is
well suited to address these factors: material properties are defined by the user for each
structure, loading cases are set by the user and are easily adjusted, and three-dimensional
models can be used to accurately simulate the true shape of a subject’s biological
structures.

1.2. Prior Work
The FE method has been used extensively in physiological loading cases. FE models
can give results comparable to studies with invasive in-vivo methods without disruption
of the body’s natural physiology. FE theory has been used for over 40 years [10]
specifically for loading of the human TF joint itself, with many studies being conducted
in recent years.
3

Studies concerning FE models for the human TF joint vary in scope. These studies
encompass everything from material model studies [11]–[14], to generalized methods for
the development of models [15], [16] to whole knee FE [17]–[20]. There is a glut of
resources available for perusal with varying methods, material definitions and matter of
study. What all these studies can agree on is the sensitivity that whole-knee models have
to soft-tissue definitions and why it is a principal concern when discussing clinical results
[21].
As mentioned previously, this paper is a continuation of a series of papers beginning
with Wangerin in [22] which constitute a body of work conducted by the Cal Poly HMB
lab in development of FE models of the human tibiofemoral joint. Each of these papers
has contributed to the success of this schema and a short summary of each is necessary to
understand the choices made in the development of this schema. The five papers can be
separated into three groups based off the methodology used for the simulations.
Wangerin [22] began this series of investigations by creating a FE model of the
human tibiofemoral joint that utilized joint contact forces from motion analysis data. The
study utilized geometry from the Open Knee public domain repository and motion
analysis data from a single participant who was physiologically similar to the donor of
the tibiofemoral joint. This study aimed to generate a complete validated tibiofemoral
joint FE model for predicting stress and strain in the articular cartilage during gait.
Wangerin states a secondary goal of providing a basis upon which future work can build,
a commonality with all papers in this series.
Sylvia [23] and Czapla [24] introduced the process of subject-specific segmentation
and used loading and boundary conditions from motion capture experiments conducted
4

by the Physical Activity Energetics/Mechanics Laboratory at Colorado State University,
Fort Collins. Sylvia focused on creating a simulation with a goal of identifying risk
factors for early onset osteoarthritis of articular cartilage in obese individuals and
individuals with malalignment in the tibiofemoral joint. Czapla focused on identifying
risk factors for early onset osteoarthritis of articular cartilage for individuals with ACL
injuries and reconstructed ACL bundles. Both theses emphasized the potential clinical
application of a highly robust FE tibiofemoral joint model that predicts if a specific
activity could lead to early onset OA in at-risk groups.
Lane [25] and Rumery [26] have the most similar methodology to the one discussed
in this thesis. The current project can be seen as a direct continuation of the efforts of
Lane. Lane saw the benefit of automating the computational meshing process and FE
model generation. His success in creating a single robust model from MRIs (Magnetic
Resonance Images) for the subject-specific loads and boundary conditions available from
the HMB lab at the time was novel. This model was used to compare cartilage contact
pressure between transtibial amputee and control loading cases in gait and stationary
cycling. However, this was only for one tibiofemoral geometry and for resultant loads
across the knee instead of the actual contact force acting at the TF joint. Rumery
attempted to address the limitation of a linear elastic isotropic material model for the
articular cartilage and validate a single material model that could be used in more
complex loading conditions of the tibiofemoral such as in gait, cycling and elliptical
training. He tested three different elastic material model: linear isotropic, neo-Hookean
and poroelastic. Rumery utilized three different tibiofemoral geometries in this work and
compared results against experimental data from a cadaver study.

5

This thesis has the benefit of these past works to reference while furthering the
ultimate goal of developing a comprehensive subject-specific FE simulation that utilizes
subject-specific load cases to determine risk factors for early onset osteoarthritis. There
are some acute differences to the first three theses, primarily the at-risk group being
studied are individuals with transtibial amputations of one leg and entirely subjectspecific data. This includes MRI scans of each subject who underwent motion analysis
experiments for gait, cycling and elliptical training at the Cal Poly HMB lab. The MRI
scans provided the subject-specific tibiofemoral joint geometry while the motion analysis
experiments provided joint contact data. Due to the ambitious nature of this goal, a new
semi-automated model creation schema was introduced by the last two papers to allow
the creation of multiple knee geometries within the scope of a thesis project. These last
two papers, especially Lane [25] are very similar to the work in this paper with key
differences being the robustness of the methodology and the magnitude of the loading
conditions used. However, what distinguishes this thesis from all previous work in the
field is the combination of subject-specific geometries with subject-specific loading cases
gathered from motion analysis experiments. The loads used are the most physiologically
accurate to date through the use of inverse dynamics software that calculates the joint
contact force separated from the muscle forces acting at the tibiofemoral joint.
This thesis is novel in part thanks to advances in knowledge and data from the motion
analysis portion of the Cal Poly HMB lab that has been detailed through several awardwinning conference abstracts such as in [27]–[31]. The loading conditions used in this
paper are from the results presented in [32] with motion capture protocols from [33][34].
The other novelty of this paper is the use of three subject-specific knee geometries. While
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Rumery also utilized three subject-specific geometries, the models in this current thesis
are able to undergo large deformations while simulating the maximum loading cases for
gait, cycling and elliptical training exercises and produce consistent results with these
extreme loading cases. The extreme loading cases were not able to converge using past
methodologies. For these FE simulations to be viable for clinical recommendations they
must be able to provide results for the most extreme conditions which is a large
accomplishment made in this thesis.

1.3. Objectives
This study investigates the pressure on the articular cartilage of the tibial plateau.
There is to be a comparison between three different exercise types (gait, cycling and
elliptical training) on the same subject as well as any differences between the control and
TT amputee groups for each exercise. This thesis details results from one control
participant and two TT amputee participants. These exercise types were chosen for their
accessibility as well as the range of loading modalities. Gait represents weight-bearing
impact exercise and cycling represents non-weight-bearing non-impact exercise with
elliptical training in the middle of the two extremes. Differences between the control and
TT amputee subjects can be used to highlight possible increased risk to the TT amputees
in the development of OA in the articular cartilage. The parameter measured here to
assess increased OA risk is the contact pressure experienced by the articular cartilage
while under load in the given exercises. The contact pressure is directly related to the
stress in the AC bodies. It is known that too large of a magnitude of stress in biological
tissue can cause cellular degeneration which is a large factor in the development of OA.

7

Cartilage contact pressure is determined through the aforementioned FE models.
Three subject-specific FE models are created and subjected to subject-specific loading
cases from gait, cycling and elliptical training experiments. The FE models consist of
subject-specific geometry obtained from MRI scans conducted after the exercise
experiments. Material properties applied to the tissues in the models are assigned based
on prior work in the field. These geometries in conjunction with applied loading cases
recreate the in vivo TF environment during these exercises and produce stress in the tibial
plateau articular cartilage. The models first undergo a validation study based off prior
work in the field before the desired loading cases are applied.
This study also aims to further develop a methodology for both the Cal Poly HMB lab
and the field at large in development of subject-specific FE models for the collection of
in vivo data of soft tissues in a non-invasive manner. Subject-specific FE models are time
intensive to develop and validate. It is in the best interest of the community of researchers
in this field to develop an automated methodology for developing the models with
documentation validating this process. A secondary motivation for this paper is to present
a step towards that goal by detailing a robust semi-automated process for developing a
large number of subject-specific geometries that can be combined with subject-specific
loading cases to create a subject-specific FE model. This thesis also aims for the process
to be accessible to researchers in this field who understand the basics of FE analysis
while not requiring large time investiture to understand the minutiae of the entire process.

8

2. Methods
This section details the overall process of creating the FE models used in this study.
The minutiae of the process are contained in the attached appendices which were created
in accordance with the protocol procedure of the Cal Poly HMB lab. The aim of this
section is to give an understanding of the overall process and give justification to the
modeling choices made. The Cal Poly HMB lab protocols found in Appendices A-D are
meant to detail the exact processes within each software package that was used to
precisely replicate this methodology for future work.
The novelty of this study lies in the use of subject-specific loading and boundary
conditions being used on the corresponding subject-specific geometry to create unique
subject-specific models. Previous studies with the HMB lab have used a single
tibiofemoral geometry of one individual and applied to that model loading and boundary
conditions from multiple participants [25] or multiple subject-specific geometries with
boundary conditions from previous experiments in the field [26], [35].

2.1. Participant Information
A total of three participants underwent the experimental procedures necessary for this
study. One (1) was a healthy control participant and two (2) were amputee participants
that met the criteria of the research project [6]. Table 2-1 gives the relevant physiological
information of the participants.
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Table 2-1. Physiological data of participants
Subject ID

Control /
Amputee

Dominant
Leg

Age

Body mass
[kg]

Height
[cm]

BMI

2018Jan19-01

Control

R

22

79.1

182

24.0

2016Nov10-01

Amputee

L

32

74.9

182

22.6

2016Nov14-02

Amputee

R

31

83.9

169

29.4

2.2. Motion Capture Experiments and Data Processing
Participants for this study were recruited to participate in a motion capture experiment
pursuant to the methodology in [32]–[34].These experiments utilized a standardized set
of marker-based motion capture equipment as well as a either ground force plates or 6axis load cells. The marker system uses a series of near-infrared digital cameras to
capture the location of photo-reflective markers for the duration of the motion-capture
experiments. This set uses 32 photo-reflective markers and is a modified Helen Hayes set
shown in Figure 2-1 and an experimental example in Figure 2-2 below.
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Figure 2-1. Modified Helen Hayes marker set used in motion capture experiments. Reprinted from [36]
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Figure 2-2. Amputee participant with modified Helen Hayes marker set. Reprinted from [33].

The participants participated in three exercises: gait (walking), stationary cycling and
elliptical training. The data gathered from the motion capture system was initially
processed in Cortex (Motion Analysis, Rohnert Park, CA) [37] to obtain marker position
and force data. Additional processing in the inverse dynamics software OpenSim
(Simbios, Stanford, CA) [38] following the protocol presented by Fernandez et. al in [32]
allowed for the determination of joint contact forces, part of the loading and boundary
conditions in the FE model. The loading data gathered from OpenSim includes muscle
forces and joint contact forces. In his study preceding this thesis, Lane [25] utilized forces
from Cortex from Orekhov in [33], [34] which are known as joint reaction forces. Joint
contact and joint resultant forces at the knee are related, however joint contact forces are
typically around 2 to 3 times greater in magnitude as joint resultant forces. This is
12

because joint resultant forces include all muscle forces acting at the tibiofemoral joint and
are not an accurate indicator for the force exerted on the articular cartilage. Joint contact
forces separate the force carried by the articular cartilage from the muscle forces and are
more indicative of the true loading conditions on the articular cartilage during exercise.
While the process of gathering the loading and boundary condition data will only be
briefly discussed in this paper, it is important to note the semi-automated nature of the
motion analysis procedure. Currently in the Cal Poly HMB, several templates exist to
automatically identify marker data through all frames of motion capture. Marker data also
includes a static reference frame to scale the data as it is transferred from Cortex to
OpenSim . This scaling process has yet to be automated and must be done by a trained
researcher. A motion capture experiment takes approximately 1.5 hours, marker
identification in Cortex takes 4.5 hours, scaling in OpenSim takes 10 hours and the
inverse dynamics analysis in OpenSim takes 2 hours. The average time spent on a single
participant from motion capture to output of knee boundary conditions (loads) is
approximately 18 hours. Marker identification is semi-automated, scaling is manual and
the inverse dynamics analysis is automated.

2.3. Subject-Specific Geometry Development
Following the motion capture experiments, the geometry for each participant was
developed from MRI scans to a final set of 3-dimensional models.

2.3.1. MRI Scans
The MRI scans were performed at French Hospital (San Luis Obispo, CA) on a GE
Signa HDxt 1.5T scanner (GE, Chicago, IL) with the same settings for all four scans:
proton density fast spin-echo, fat saturated sequence (4800 second relaxation time, 32.1
13

second echo, 2 averages, 90-degree flip angle) with a 1 mm slice thickness in the sagittal
plane within a 512x512 matrix. The scans were all centered on the TF joint and included
sufficient lengths of the femur and tibia as determined by the technician to include all
relevant ligament and tendon attachment points. These settings were used on the
recommendation of a local radiologist with the purpose of making the various soft tissues
(cartilage, meniscus, ligaments) distinct enough to segment. The MRI data were
anonymized using a script from [25] and in accordance with the protocols in [6] to
remove the participants’ personal data.

2.3.2. MRI Image Segmentation
For the subject-specific finite element studies, eight bodies in each TF joint needed to
be created with their anatomical definitions shown in Figure 2-3: femur, tibia, fibula,
femoral cartilage, lateral tibial cartilage, medial tibial cartilage, medial meniscus and
lateral meniscus.
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Figure 2-3. Anatomy of the human knee [39]

These bodies were deemed the critical components to acquire physiologically relevant
cartilage pressure. Ligaments were not segmented as the MRI scans did not produce
sufficient detail of the ligaments to allow for accurate construction. An alternative
method for ligament creation is discussed in 2.3.5. The bodies were created through a
process known as “segmentation” where the operator utilizes image-processing software
to define the boundaries of the bodies in each of the images contained in the MRI
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sequence and then combine each of the individual 2D boundaries into a 3D surface. This
process was performed manually for all four TF joints using ITK-SNAP (University of
Pennsylvania, PA, USA) [40]. ITK-SNAP was chosen as an open-source alternative to
commercial solutions such as Materialise Mimics (Materialise, Leuven, Belgium). ITKSNAP has a low entry-barrier for the manual segmentation process and shows potential
for an efficient automated segmentation process. An example of one image in one of the
MRI sequences is shown in Figure 2-4 and an example of the 3D surfaces of the TF joint
is shown in Figure 2-5.

Figure 2-4. Fully segmented MRI sequence image of 2016Nov05-01RC. Sagittal plane view. Femur (red), femoral
cartilage (pink), lateral meniscus (teal), lateral tibial cartilage (blue), tibia (green) and fibula (tan).
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Figure 2-5. 3D surfaces of the bodies in the TF joint viewed in ITK-SNAP

The 3D surface that is created by this process is commonly represented by a 3D
Piecewise Linear Complex (PLC). ITK-SNAP uses three different file formats to
represent a PLC, the stereolithography (STL) file type was the format used to extract the
surface definition from ITK-SNAP to continue with processing the bodies for the FEA.
The protocol for the manual segmentation of the TF joint is outlined in Appendix A –
Manual MRI Segmentation. This process takes approximately 35 hours for each knee
geometry for a moderately experienced user. This step is currently the largest limiter in
the creation of the FE model with respect to both time and expertise.

2.3.3. Smoothing
The manually segmented bodies have rough surfaces that exhibit staircase artifacts
typical of 3D models generated from MRI or CT scans due to the low resolution in the
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direction normal to the scan [41]. This is shown clearly in Figure 2-5. The exported 3D
surfaces also have extremely large vertex and face counts resulting from the segmentation
method. These two factors mean the raw 3D surface-bodies are not suitable for FE
meshing, the mesh is much too dense to be computationally viable and the sharp edges of
the staircase artifacts cause a distortion of elements.
The bodies were refined using the mesh processing tool MeshLab (ISTI - CNR, Pisa,
Italy) [42] to represent the true anatomy more accurately and allow for FE meshing.
MeshLab was chosen for this processing step because of its open-source nature and the
wide gamut of filters available in the program. The general workflow of the smoothing
and face reduction in MeshLab is shown in Figure 2-6 and a comparison of a mesh presmoothing and post-smoothing is show in Figure 2-7.

Figure 2-6. Smoothing workflow of MeshLab (ISTI - CNR, Pisa, Italy).
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Figure 2-7. Before (a) and after (b) smoothing and face reduction of the femoral cartilage of
2016Nov05-01R

After each step in the workflow, the mesh volume was calculated. This was used
to validate the accuracy of the models as the smoothing and face-reduction workflow
caused a reduction in structure volume at various steps. This reduction in volume is
unavoidable as the process naturally removes sharp edges through an averaging process.
The smoothing process uses the Taubin two-step formulation [43] which involves two
successive Gaussian steps to minimize the natural shrinkage of the body. The Gaussian
method of smoothing adjusts node locations based off a scaled weighted average of the
neighboring nodes, the Taubin two-step process uses two scaling factors λ and μ. λ is
used for the first Gaussian step and is a positive number between 0 and 1. μ is used for
the second Gaussian step and is a negative number between 0 and -1. The effect of a
second step with a negative scaling factor causes the mesh to slightly grow instead of
shrinking through the Gaussian smoothing procedure. Through experimentation, the
relationship between λ and μ can be set to minimize the amount of shrinkage of the mesh.
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The soft bodies (cartilage and menisci) were much more sensitive to the
smoothing and face reduction process than the bones due to the thin cross-section and the
large curvatures present. All bodies used the same scaling factors of λ = 0.60 and μ =
-0.59, however the soft bodies underwent 300 smoothing steps while the bones
underwent 800. The reduction in volume of most of the soft bodies was kept to less than
5% of the original volume while the reduction of volume in the bones was kept to less
than 2%, often being less than 1%.
The smoothing procedure removed staircase artifacts but does not address the
extreme number of faces. The number of faces was reduced through the Quadric Edge
Decimation filter in MeshLab. The target number of faces for each body was set to be
8000, this was determined experimentally to be the most efficient for the methodology
utilized in this thesis as it resulted in a negligible change in volume for all bodies without
excessive time spent minimizing the face count for each body (32 in total). The details on
the settings of the filter are described in Appendix B – Geometry Smoothing.
With the bodies smoothed and the faces reduced, the bodies were considered
viable for FE meshing. However, the triangular facets that compose the bodies are
irregular in size, form and location. These irregularities make a computational mesh
ineffective, especially when it comes to refinement of a mesh. To create a more efficient
mesh, the bodies were re-meshed using an isoparametric filter [44]. Isoparameterization
maps the surface mesh into an abstract domain by iteratively breaking the mesh into
several large triangular facets that are optimized to create more regular mesh boundaries.
Once the initial abstraction is accomplished, a second filter is applied that subdivides
these large facets into smaller triangular face that match the existing topology of the
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surface. This process is not entirely predictable, as the optimization of the abstract
domain uses an unstable formulation that is highly dependent on starting criteria. The
instability of the process can lead to areas in the re-meshed bodies that are highly
irregular, create holes in the body, or cause the triangular facets to intersect. These issues
make the construction of a computational mesh impossible. It remains unknown the exact
causes of these issues, generally it can be rectified by reapplying the initial
isoparameterization filter to the smoothed body. The abstract mesh parameters of
minimum and maximum number of faces directly affect the stability of the final mesh,
this input was altered for each body as needed but was always between a minimum of 1
face and a maximum of 100 faces.
The bodies were then re-meshed at various levels of optimization and exported as
an ASCII text STL file to be converted into either a volume or surface computational
mesh compatible with Abaqus (Dassault Systemes, Vélizy-Villacoublay, France).
The smoothing and remeshing of the surfaces are semi-automated processes.
MeshLab has a built-in function to save and open scripts that allow for filters to applied
in a single click with user-chosen parameters for each filter already defined. Each knee
takes approximately 30 minutes to smooth and prepare for computational meshing.

2.3.4. Creation of Computational Mesh
The computational mesh of each TF joint contains two distinct categories of bodies:
bones and soft-tissue. Bones can be represented by rigid surfaces for computational
efficiency as the stiffness of bones is much larger than that of the soft-tissue [45], [46].
The soft-tissue must be represented as a continuum to gather accurate data on the stress
and strain of the bodies during exercise. The nature of open-source software leads to
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software being better at one function than another, in this case the rigid surfaces were
meshed using GMSH (GPL, Liège, Belgium) [47] while the continuum bodies were
meshed using TetGen(WIAS, Berlin, Germany) [48], [49] through the MatLab
(MathWorks, Natick, MA) extension GIBBON [50]. TetGen was chosen for its ability to
be used with MatLab and for the continuum meshing to be fully automated. GMSH was
chosen for its capability of surface meshing. Both programs are fully open-source and
output files compatible with Abaqus FEA. The procedure for the creation of the
computational mesh can be found in Appendix C – Computational Surface Meshing for
the surface bodies and Appendix D – Computational Continuum Meshing for the
continuum bodies.
The creation of the rigid surfaces representing the bones was straight-forward with
GMSH. The smoothed surface output by MeshLab was the same surface being used in
the Abaqus FE model. GMSH served as a simple way to transcribe the .stl file from
MeshLab into the Abaqus FEA native .inp format.
TetGen allows for control of the meshing algorithm through string switches, the
string used for the meshing in this study is “-pYq1.2/15Oo/150V”. Table 2-2 below lists
each of these parameters and their effect on the computational tetrahedral mesh
generation, also repeated in Appendix D – Computational Continuum Meshing. These
switches have full definitions and thorough explanations of all sub-options in the TetGen
user guide [49].
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Table 2-2. Parameters used for generation of continuum mesh with TetGen
Switch
p
Y
q

O

o/

V

Explanation and Chosen Parameters
Reads a 3D PLC (Piecewise Linear Complex) and generates a tetrahedral mesh.
Used alongside -p. The boundary edges and faces of the input PLC are preserved in the generated
volume mesh.
Adds new points to improve the mesh quality based off two numerical constraints separated by a “/”.
First constraint: Maximum radius-edge ratio. Default is 2.0.
Second constraint: Minimum allowed dihedral angle. Default is 0.
Specifies mesh optimization using two integers separated by a “/”. If no integers are specified than the
default is used.
First constraint: Mesh optimization level from 0-9, 9 being max. Default is 2.
Second constraint: Allows certain operations such as edge/face flip, vertex smoothing, vertex
insertion/deletion. From 0-7, 7 being all operations allowed. Default is 7.
Alters the objective function of Tetgen. The objective function of Tegten 1.4 is to reduce the maximum
dihedral angle of the tetrahedra. The number after the switch alters the value of the allowable angle.
Default is 165 degrees.
Outputs detailed information about the generated mesh to quickly check that the various options are
behaving as expected.

The choice of these switches must be explained, as they directly affect the
computational mesh, the first building block of a finite element study. The accuracy and
therefore the relevance of a FE study is based off the computational mesh because it
defines the geometry actually being used in the simulation. The mesh should closely
approximate the real geometry of the bodies in question and have a sufficient number of
degrees of freedom for the underlying mathematics to converge to a consistent solution.
The “p” switch is required as the input for the continuum mesh is the PLC surface
that defines the geometry. The PLC surface used is the STL file output by MeshLab. The
“Y” switch is used to retain the isoparametric surface created in MeshLab for consistent
meshes to be created for both a mesh sensitivity study on a single knee assembly and for
the creation of subsequent knee assemblies. The “q” switch and its sub-options were
discovered to be necessary to reduce the number of invalid (zero-volume) and deformed
elements generated by TetGen, this is also true of the “O” switch. The “o/” switch allows
for better mesh creation by directly altering the objective function of TetGen, similar to
the 2nd option of the “q” switch but for a maximum dihedral angle instead of a minimum.
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The “V” switch is not necessary for the generation of the mesh, instead it is helpful for
troubleshooting various issues with generation of a mesh suitable for FE studies. TetGen
does not output a mesh that is immediately ready for analysis, a further step to prepare
each body for analysis is discussed later in 4.2.3.
Abaqus FEA has a variety of element definitions that can be chosen based off the
needs of the simulation. The methodology in this study lends itself towards triangular
surface elements and tetrahedral continuum elements. For the surface meshes (femur,
tibia, fibula) the R3D3 linear triangular surface element was chosen, as it has excellent
compatibility with contact formulations. For the continuum meshes, the C3D10HS
quadratic tetrahedral element was chosen as C3D4 linear tetrahedral elements are known
to overestimate the stiffness of continuum structures compared to actual structures [51].
The C3D10HS element is a “hybrid element” that has integration points located at the
nodes of the element, this improves surface stress results as there is no interpolation error
such as in the standard C3D10 element. Refer to the Abaqus FEA User Guide that comes
with the installation of Abaqus FEA for a detailed explanation of the behavior of these
element types
In most of the FE models discussed in the Prior Work section (section 1.2),
hexahedral elements were used for the soft tissue bodies and triangular elements were
used for the rigid bodies, with hexahedral elements generally being regarded as more
accurate than tetrahedral elements [45], [46], [51]. However recent studies have shown
that in contact analysis, Abaqus FEA quadratic tetrahedral elements perform similarly to
linear hexahedral elements in evaluation of contact pressure[52]. Tetrahedral elements
generally conform better to geometry that exhibits a large amount of curvature which
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includes all soft tissue bodies in the TF joint. They are also less computationally intensive
compared to quadratic hexahedral elements; however quadratic tetrahedral elements are
less numerically robust than quadratic hexahedral elements. This is discussed later in
4.2.3 specifically when considering convergence of the FE model and the quality of the
mesh. Care was taken to ensure that the parameters altering the meshing scheme in
TetGen created continuum meshes that had minimal errors with few distorted elements.
The process of meshing with TetGen is fully automated with custom MatLab scripts.
The meshing process with GMSH is manual, but the simplicity of the process makes the
invested user time minimal. It takes approximately five (5) minutes of user time for the
computational meshing of a single knee. This is the largest time saving component of the
FE model creation. Hexahedral meshing of bodies such as the femoral cartilage is
difficult with traditional methods and not accessible with open-source software,
commercial solutions do exist.

2.3.5. Abaqus Assembly Development in CAE Module
Once all bodies required for the knee assembly had been converted into Abaqus FEA
compatible computational meshes with the relevant procedure, the individual
computational meshes were imported to Abaqus FEA and assembled into a
physiologically relevant model starting in the CAE visual module. This model includes
five soft-tissue bodies (femoral cartilage, medial meniscus, lateral meniscus, medial tibial
cartilage, lateral tibial cartilage), three bones (femur, tibia, fibula) and four spring
elements that make up the major ligaments of the TF-joint (ACL, PCL, ACL, LCL).
Each of these components requires a material model within Abaqus FEA. As
discussed before, the bones are formed from R3D3 elements which does not allow direct
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assignment of material properties. The element definition forces the body defined by the
surface to be computationally rigid, infinite stiffness in physical terms.
The ligaments were formed from CONN3D2 elements. These are specialty elements
in Abaqus FEA and can be used to simulate a wide variety of mechanical connections
such as slots, hinges, bushings. In this case, they acted as perfectly axial springs where
force was applied along the line of action that was defined by the connected nodes. This
force was based off the relative displacement between the two connected nodes. A
CONN3D2 element requires several parts to be fully defined: two node locations, a
section assignment, and a behavior assignment. Table 2-3 below describes the necessary
components to fully define the CONN3D2 element while Figure 2-8 and Figure 2-9 show
how these definitions were depicted in the Abaqus FEA input file. The CONN3D2
elements were defined in the assembly level of the Abaqus FEA model to allow for
connection between the different bodies (called instances in Abaqus FEA). In Figure 2-9
a non-linear spring constant is defined. The spring constant is described with
displacement and force pairs, which can be read: “For every X units of distance between
the nodes, X force units are applied on the line of action between the nodes”. The
distance between nodes is the shortest possible straight line and is in millimeters while
the force is defined in newtons for this model. The behavior of the non-linear spring
allows for pre-tension that exists in ligaments and does not allow for the ligaments to
resist any compressive force. However, the spring in Figure 2-9 does not represent a
spring with pre-tension, as pre-tension in the spring elements caused convergence issues
with the FE model in Abaqus FEA.
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Table 2-3. Components required by the CONN3D2 element

CONN3D2 Components

Description

Connecting Nodes

Two nodes connected together with the
relative motion between the two nodes
altered by the CONN3D2 element.

Section Assignment

Describes in which degrees of freedom
the connected nodes will be limited.

Behavior Assignment

Describes how the limited degrees of
freedom will impact the connected nodes
when relative between the nodes occurs

Figure 2-8. Definition of two CONN3D2 elements in Abaqus input file.

Figure 2-9. Definition of CONN3D2 behavior

27

This material definition follows the methods and reasoning from [25], [46] and
calculates properties directly from [53]. Contrary to Lane in [25], one spring each was
used for the ACL, PCL, MCL and LCL ligaments instead of using the physiologically
accurate number of bundles. This was done to simplify model creation and due to the lack
of clarity in the MRI scans for bundle connection points. As shown in [53] the differences
between the material properties when modeled as an axial spring are negligible, this
allowed for all four ligaments to use the same elastic modulus. This spring definition was
simplified to exclude the toe region. The spring constant used was found using the
measured linear modulus (345 MPa) of the ligaments in [53], the average cross-sectional
area (2.01 mm2) of all ligaments measured in [53], and the measured initial length of each
ligament based off the nodes selected in the Abaqus FEA model. This results in all four
springs having distinct spring constants. Table 2-4 below lists the spring constants
calculated for one of the subject-specific models.
Table 2-4. Ligament spring constants for 2018Jan19-01

Ligament

Spring Constant [N/mm]

ACL

13.7

PCL

16.8

MCL

14.1

LCL

11.3

This method is in-line with Hooke’s Law when applied to a uniform bar under
tension. While a ligament is not uniform in shape, this is the best approximation with true
ligament geometry unavailable.
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With all physiological components of the FE model defined, methods for controlling
the relationship between these parts must be defined. This includes 12 surfaces that
define the way bodies contact each other and how some bodies are permanently fixed to
each other. These 12 surfaces were used in 5 tie constraints and 6 contact pair definitions.
A tie constraint in Abaqus FEA approximated in these models the physiological behavior
of cartilage connecting to bone through subchondral tissue. It did not approximate the
method of attachment of the menisci to the tibia, but it was used in the FE models to
better approximate the true behavior of the tissue within the model. This limitation is
further discussed later. The contact pairs define surfaces that were not allowed to
penetrate each other. Abaqus FEA handles contact be applying a force to nodes when it is
detected that there has been penetration of a node through a surface of a given contact
pair set. This force is directly normal to the penetrated surface at the point of penetration.
Table 2-5 below lists the pairs. The difference between a master and slave surface is
detailed in the Abaqus FEA user manual. In general, the master surface is based off the
stiffer body.
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Table 2-5. List of surface pairs for tie constraints and contact surfaces

Tie Pairs
Master

Slave

Femoral Cartilage (Superior Surface)

Femur

Medial Tibia Cartilage (Inferior Surface)

Tibial Plateau

Lateral Tibia Cartilage (Inferior Surface)

Tibial Plateau

Medial Tibia Cartilage (Superior Surface)

Medial Meniscus (Inferior Surface)

Lateral Tibia Cartilage (Superior Surface)

Lateral Meniscus (Inferior Surface)

Contact Pairs
Femoral Cartilage (Inferior Surface)

Medial Tibia Cartilage (Superior Surface)

Femoral Cartilage (Inferior Surface)

Lateral Tibia Cartilage (Superior Surface)

Femoral Cartilage (Inferior Surface)

Medial Meniscus (Superior Surface)

Femoral Cartilage (Inferior Surface)

Lateral Meniscus (Superior Surface)

Medial Tibia Cartilage (Superior Surface)

Medial Meniscus (Inferior Surface)

Lateral Tibia Cartilage (Superior Surface)

Lateral Meniscus (Inferior Surface)

There is some overlap between the tied (or attached) surfaces and the contact surfaces,
the tibial cartilages and the respective menisci were both tied together and have contact
defined. Physiologically, the menisci are attached to the tibia, the femur and the other
meniscus through a complex series of ligaments known as meniscal roots or “horns”.
These attachments are partially shown in Figure 2-10 and described in detail in [54]. The
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choice to adhere portions of the menisci to the tibial cartilage it rests on is described in
more detail in 4.2.4. All surface pairs except for the meniscus-cartilage tie pairs were
chosen to encompass all potential areas of contact between the body, an example is
shown in Figure 2-11. A representative surface definition for the inferior meniscus
surface in the meniscus-cartilage tie pair is shown in Figure 2-12. Four sub-surfaces made
up of 6 triangular faces each were chosen to constrain relative displacement between the
menisci and the rest of the TF joint, but still allowed for the compression of the TF joint
to alter the contact experienced by the menisci and cartilages.

Figure 2-10. Meniscus physiology [55]
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Figure 2-11. Example of a typical surface definition

32

Figure 2-12. Faces highlighted in red define the surface for the meniscus-cartilage tie constraint.

The final components for the subject-specific finite element models are the reference
points for the rigid bodies. The three rigid bodies in each knee model are the femur,
fibula and tibia. The fibula and tibia were paired to the same reference node while the
femur had its own reference node. Abaqus FEA requires all rigid bodies to have a
reference node where the loading and boundary conditions for the rigid body are applied.
The reference node for the tibia-fibula pair was chosen to be the first node defined on the
tibia. The location of this node was not critical as the tibia was completely fixed for the
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majority of the simulation while the fibula was only used as a reference for the LCL
attachment point. However, the simulation was extremely sensitive to the location of the
femur reference point. The simulation assumed a quasi-static environment, meaning all
loading was assumed from a static tibia reference frame. Further discussed in 2.3.7, there
were two steps in the Abaqus FEA simulation: Rotation and Loading.
The location of the femur reference point greatly affected the displacement of the
femur during the Rotation step. The femur reference point should be located at the joint
center between the femoral condyles for physiologically accurate motion during rotation
of the TF joint. In the motion analysis experiment, this was determined by a pair of
photo-reflective markers and the joint center was calculated by the motion capture
software. In Abaqus FEA, there are several ways to define a reference point. The femur
reference point was defined by entering spatial coordinates and manually examining if
the point was located on the midpoint of an imaginary line drawn between the most
prominent portions of the femoral condyles. Figure 2-13 and Figure 2-14 below represent
an accurate placement of the femoral reference point viewed from the sagittal and coronal
planes.
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Figure 2-13. Femur rigid body reference point of 2018Jan19-01R viewed from the sagittal plane

Figure 2-14. Femur rigid body reference point of 2018Jan19-01R viewed from the coronal plane
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Ideal placement of the reference point would show the minimal displacement at the
most prominent portion of both femoral condyles, Figure 2-15 shows a contour plot of
total displacement after rotation with a good placement of the reference point.

Figure 2-15. Contour plot of total displacement after femur rotation

Once these components of the Abaqus FEA assembly have been defined, the GUI of
Abaqus CAE is no longer necessary. The final steps before a simulation can begin
involved defining material properties, boundary conditions and other controls for the
simulation in the Abaqus FEA input file.
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2.3.6. Abaqus Assembly Material Property Definitions
Material properties have already been discussed for the ligaments (section 2.3.5), the
non-linear axial springs. Likewise, the bones have been defined as R3D3 elements which
have built in material properties of infinitely stiff surfaces. The femoral cartilage, medial
and lateral tibial cartilages, and medial and lateral menisci are all continuum elements
and require a continuum material assignment. For this study, a linear-elastic isotropic
material was utilized. Past work with the HMB lab [26] analyzed the effects of various
material definitions on contact pressure in the TF joint. The resulting recommendation
was to utilize either a linear or a neo-Hookean material model. Linear material models
are the most widely used definitions for cartilage and meniscus properties in FE
simulations of the TF joint so a linear material model was used for the cartilage and
meniscus definitions following [25], [26], [46]. A summary of all the material models
used in the knee model is found in Table 2-6. The linear elastic isotropic material
properties for cartilage were calculated from the neo-Hookean material property used by
Harris in [56].
Table 2-6. Material properties of knee model components
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Geometry

Material Model

Cartilage

Linear Elastic Isotropic [56]
𝐸 = 41 𝑀𝑃𝑎, 𝜐 = 0.495

Menisci

Linear Elastic Isotropic [46]
𝐸 = 59 𝑀𝑃𝑎, 𝜐 = 0.48

Bones

Infinitely Stiff
R3D3 Element

Ligaments

Perfectly Axial Nonlinear Springs
CONN3D2 Element

2.3.7. Abaqus Simulation Load and Boundary Conditions
Load and boundary conditions for this model included displacement control, velocity
control and force control. The TF knee simulation was viewed from a tibial reference
frame, all force and displacements were applied to the femur reference point and
subsequently the entire femur rigid body. The tibia was fixed in all degrees of freedom
for the entirety of the simulation. The first step translates the femur 2mm superior with all
other degrees of freedom fixed. The second step the femur was prescribed to rotate about
the flexion-extension axis until it matched the angle where maximum compressive force
occurred in the exercise cycle, all other degrees of freedom were fixed. The third step the
femur was displaced in the inferior direction until contact with the tibial plateau by
applying a small force to the femur, the flexion-extension angle was held constant and the
axial direction had an applied force while all other degrees of freedom were fixed. The
fourth and final step, the femur had the flexion-extension angle held constant while the
other rotational degrees of freedom were left free. The femur had the joint-contact forces,
based off the motion analysis experiments, applied to the three translational degrees of
freedom. Figure 3-16 below outlines the order of the FE simulation steps.
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Step 1: Translate
Femur 2mm superior

Step 2: Rotate femur to
prescribed FE angle

Step 3: Apply small
force to displace femur
until contact with tibia

Step 4: Apply JC
loads. Hold FE angle
constant
Figure 3-16. Outline of FE simulation steps

Gait, cycling and elliptical training load cases used can be found in Appendix F –
Subject Specific Load Cases. The load cases were based off the time point in which
maximum compressive force occurred. In general, compressive normal force, anteriorposterior shear, and medial-lateral shear joint contact forces were applied. The varusvalgus and intern-external rotation moments were omitted as they were judged unreliable
and they also caused convergence issues. In some cases, the anterior-posterior shear and
the medial-lateral shear components were also neglected to allow for convergence.
Refer to Appendix E – Abaqus Input Files to see how the boundary conditions were
implemented in the model.

2.3.8. Abaqus Simulation Controls
When using the subject-specific load and boundary conditions gathered from
OpenSim, Abaqus FEA was unable to achieve convergence with the default solver
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settings. This was unsurprising given the nonlinear nature of the TF joint models. There
were several contributing factors to the nonlinearity: contact sets, tie constraints,
nonlinear springs, large deformations, and distorted elements. These nonlinearities were
minimized as much as possible while retaining physiologically accurate solutions.
According to the Abaqus FEA documentation, it is expected the user will need to alter the
convergence criteria to achieve convergence in nonlinear solutions. Several default
settings were altered to achieve better convergence including adding global damping,
increasing the allowable magnitude for residual forces and displacements, and turning on
the line search function. The standard solver for quasi-static simulations in Abaqus FEA
utilizes an implicit solver that relies on the Newton method where the solution must be
within the radius of convergence for the system. If an increment lies outside of this area,
the solution can diverge. By loosening the required limit for residual forces, as
recommended by the Abaqus FEA manual for solving highly nonlinear simulations, the
incremental solutions can stay within the convergence criteria. Likewise, the damping
effect has been shown to stabilize nonlinear systems that include contact and localized
damping is recommended for complex contact simulations. The line search function is
recommended by the Abaqus FEA documentation to assist in choosing the approximated
solution the Newton method requires when solving nonlinear simulations. These
alterations are highly dependent on the particular model being simulated and only trial
and error can show if they are helpful. In this schema, these parameters, especially
damping, helped immensely and allowed for complete convergence in several of the
models simulated. See Appendix E – Abaqus Input Files for the parameters utilized with
the *Controls option.
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While damping was required for convergence of the simulations in this thesis, the
effects of the viscous forces being applied cannot be ignored. Since applying a global
damping factor is commonly used for non-linear simulations, especially with contact,
Abaqus FEA has a recommended procedure to check if the viscous forces affect the
model in a significant manner. For this thesis, each simulation had the internal energy of
the whole model compared to the static dissipation energy for the whole model. Abaqus
recommends the ratio of static dissipation energy to internal energy be less than 10% for
confidence in physically accurate behavior of a simulation.
The mesh convergence studies as well as the validation study used the automatic
stabilization scheme where the global damping coefficient was calculated automatically
to ensure the ratio between static dissipation energy and internal energy remained within
the appropriate range. The computational simulations required the use of a constant
damping factor to converge, this was chosen by trial and error to be .002.

2.3.9. Abaqus Simulation Data Capture
To best approximate a physical measurement of contact pressure on the cartilage, an
averaged value for cartilage contact pressure (CPRESS) was measured centered around
the location of maximum pressure at the area of interest. This measurement scheme is
based off the experimental data from Seitz in [35] where a digital pressure sensor with a
spatial resolution of 1.4 mm2 was inserted between the tibial and femoral cartilages to
measure contact pressure. This allowed for a direct comparison in the validation study
and the scheme was kept when reporting the contact pressure from the subject-specific
load and boundary condition experiments. The node within the area of interest with a
maximum value of CPRESS was located and a pattern of 18 nodes adjacent to this point
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was created as shown in Figure 2-17. The value of CPRESS at each of the nodes was
combined into an average CPRESS value that is the primary reported variable in the
study. The area of interest was chosen where the contact pressure was most uniform as
FE models can have erroneous stress concentrations that arise from a variety of factors.

Figure 2-17. Red nodes used for max CPRESS. Centered node is the node with the max CPRESS on the
body within the area of interest.

As discussed in section 2.3.8, a secondary variable of interest is the ratio between the
static dissipation energy (ALLSD) and the total internal strain energy (ALLIE) of a
model. These history variables are calculated for the entire model at each increment. The
ratio of ALLSD to ALLIE reported is from the values in the last step of the simulation.

2.3.10.

Abaqus Convergence Study
Novel schema for modeling must be validated before the results are useful. The finite

element method is a numerical discretization of a 4th order function. The first step to
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validate any numerical approximation is to validate the solution has sufficiently small
increments, or in this case sufficient degrees of freedom for the error to stabilize. Degrees
of freedom in a FE study are generated from a variety of model parameters. The mesh
convergence performed in this thesis varied the mesh density of the three articular
cartilage bodies. Varying these mesh densities alters the number of elements present in
the entire study and thus impacts the degrees of freedom in the study, however this
change is not exactly linear as the tie constraints alter the degrees of freedom present in
the model and are impacted by the number of nodes interacting between the cartilage
bodies and the bones. It was judged sufficient to utilize the number of elements in the
individual cartilage bodies for the convergence analysis as the bodies can converge at
different mesh densities. For a single mesh body, the number of degrees of freedom is
directly related to the number of nodes present which is related to the number of elements
and type of element. For this study only C3D10HS (specialized 10-node tetrahedrons)
were used for the continuum mesh bodies. The various mesh densities were obtained
through the isoparameterization remeshing scheme discussed in 2.3.3. Because this study
focusses on the cartilage contact pressure and also because the menisci proved to require
a large number of elements to retain their initial volume, a mesh convergence study was
performed only through refinement of the three cartilage bodies. Four (4) meshes for each
cartilage body of 2018Jan19-01R were created with an increasing number of elements
present for each iteration. Table 2-7 below details the number of elements present in each
of the successive meshes along with the chosen mesh density for each of the cartilage
bodies.
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Table 2-7. Number of elements in each cartilage body for the mesh convergence analysis. Mesh chosen
for experimental simulation highlighted in gray

Mesh 1

Mesh 2

Mesh 3

Mesh 4

Femoral Cartilage

5400

8628

12705

17988

Lateral Tibial Cartilage

6786

10488

15293

20641

Medial Tibial Cartilage

9082

13412

18681

24546

The mesh density is determined by analyzing the variable of interest, in this case the
contact pressure (CPRESS) on the cartilage, for change from the last mesh density. For
these nonlinear models, mesh convergence was defined as a change in CPRESS of less
than 10% at each node that was analyzed. When a simulation showed a less than 10%
change in a given mesh body, the mesh body used in the prior simulation was chosen as
the converged mesh and was used for all further simulations. The meshing process for
this schema is constructed in a way that leaves several surface nodes in the same spatial
location through different mesh densities. These nodes were located in each of the part
files through the use of the MatLab script “findMatches.m” which can be found in
Appendix G – MatLab Scripts. The nodes used were required to have a non-zero value
for CPRESS for all iterations of the meshes. Ideally the nodes were also close to the zone
that has the maximum CPRESS value for the body. Multiple nodes were analyzed on
each mesh to ensure global convergence and not a local convergence and are referred by
an ID number as the node number assigned by TetGen meshing varies with mesh density.
When the mesh becomes too fine, the elements suffer from excessive distortion and the
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simulation is unable to converge. A balance between number of elements and ability to
converge is needed for a simulation to function correctly.
The mesh convergence study consisted of 4 models where the mesh density of the
femoral cartilage, lateral tibial cartilage and medial tibial cartilage varied. Control of this
meshing was difficult due to the number of variables involved, especially inconsistent
segmentation and will be discussed more in 4.2.3.

2.3.11.

Abaqus Simulation Validation
A converged mesh is important, but it is meaningless without a comparison to data

from physical experiments. The mesh convergence process was conducted with an axial
compressive load of 500 N with the tibia completely fixed and the femur fixed in the
flexion-extension axis with no relative rotation. This closely resembles both the future
simulations with the subject-specific load and boundary conditions and an in vitro study
conducted on the TF joint by Seitz [35]. These load and boundary conditions were also
used to understand the effects of the altered control parameters, especially the effect of
viscous forces due to the global damping. The modeling scheme was considered
validated if one of the subject-specific geometries had a CPRESS value that fell within
one standard deviation of the reported mean pressure when subjected to the boundary
conditions and loads discussed in [35].

3. Results
3.1. Mesh Convergence
The results of the mesh convergence study are shown below with Figure 3-18 showing a
representative contour plot of the variable of interest, CPRESS [MPa]. The following
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figures and tables give the values of CPRESS at the nodes chosen for the mesh
convergence study on each mesh body. The chosen mesh and the percent difference
corresponding to the chosen mesh are highlighted in gray in each table.

Figure 3-18. Contour plot of 2018Jan19-01 geometry with CPRESS [MPa] as the variable of interest.
Third mesh refinement.

Table 3-8. Results of mesh convergence for femoral cartilage

Node
ID
CPRESS
[MPa]

%
Difference
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1
2
3
4
1
2
3
4

Femoral Cartilage
Mesh Refinement
1
2
3
1.82
1.92
1.87
1.75
1.59
1.60
1.46
1.16
1.36
0.40
0.38
0.47
5.78%
-2.48%
-9.02%
0.52%
-20.31% 16.36%
-4.61% 21.20%

4
1.80
1.62
1.26
0.51
-3.99%
0.94%
-7.25%
9.62%

2
1.8

CPRESS [MPa]

1.6
1.4
1.2
1

0.8
0.6
0.4
Node 1
Node 3

0.2
0
5000

7000

9000

11000

13000

15000

Node 2
Node 4
17000

19000

Number of Elements

Figure 3-19. Visual representation of variance in CPRESS [MPa] for femoral cartilage mesh
convergence. Number of elements in mesh body vs. CPRESS at chosen nodes.

Table 3-9. Results of mesh convergence for lateral tibial cartilage

CPRESS
[MPa]

%
Difference
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Lateral Tibial Cartilage
Mesh Refinement
Node
ID
1
2
3
1
1.46
1.30
1.36
2
0.91
1.29
1.41
3
1.48
1.18
1.19

4
1.36
1.33
1.65

1

-10.87%

4.53%

-0.50%

2
3

41.51%
-20.40%

9.64%
1.02%

-5.57%
38.73%

1.7
1.6

CPRESS [MPa]

1.5
1.4
1.3
1.2
1.1
Node 1

1

Node 2

0.9

Node 3

0.8
6500

8500

10500

12500

14500

16500

18500

20500

Number of Elements

Figure 3-20. Visual representation of variance in CPRESS [MPa] for lateral tibial cartilage mesh
convergence. Number of elements in mesh body vs. CPRESS at chosen nodes.

Table 3-10. Results of mesh convergence for medial tibial cartilage

CPRESS
[MPa]

%
Difference
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Medial Tibial Cartilage
Mesh Refinement
Node
ID
1
2
3
1
1.12
1.15
1.20
2
1.62
1.54
1.70
3
0.18
0.48
0.90
4
0.83
0.85
0.87
1
2.63%
4.17%
2
-4.56%
10.32%
3
164.23% 85.42%
4
2.17%
1.77%

4
1.15
1.87
0.90
0.90
-3.74%
9.75%
0.37%
3.68%

2
1.8

CPRESS [MPa]

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
7000

9000

11000

13000

15000

17000

Node 1

Node 2

Node 3

Node 4

19000

21000

23000

25000

Number of Elements

Figure 3-21. Visual representation of variance in CPRESS [MPa] for femoral cartilage mesh
convergence. Number of elements in mesh body vs. CPRESS at chosen nodes.

3.2. Validation Study
Table 3-11 and Table 3-12 below compare the FE simulation results to the
experimental results from Seitz [35]. A cell with a CPRESS value highlighted in green
indicates the value of CPRESS falls within one standard deviation of the experimental
values. A cell containing the energy ratio is highlighted in green if the ratio of static
dissipation energy to total internal energy is within the range of confidence per Abaqus
FEA recommendations. Figure 3-22 is the magnitude of ALLIE (internal strain energy)
and ALLSD (static dissipation energy from viscous forces) for the 500 N compressive
load simulation. The x-axis ranges from 0 – 1 second, since this simulation is assumed
pseudo static each second represents a full step. This plot shows that for all time ALLIE
is greater than ALLSD, further confirming that the damping factor is not affecting
physiological accuracy of this simulation. This result uses an automatically calculated
damping factor meant to optimize the impact of damping.
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Table 3-11. Results for validation study with 500 N compressive force applied

[MPa]
Medial Tibial
Cartilage
Lateral Tibial
Cartilage

Seitz 500 N Load
Mean - SD Mean Mean + SD

CPRESS

1.18

1.78

2.38

1.93

0.97

1.79

2.61

1.88

FEA
Energy Ratio [%]
3.04%

Table 3-12. Results for validation study with 1000 N compressive force applied

[MPa]
Medial Tibial
Cartilage
Lateral Tibial
Cartilage

Seitz 1000 N Load
Mean - SD Mean Mean + SD
1.95

2.82

3.69

CPRESS

FEA
Energy Ratio [%]

3.41
1.56%

1.72

3.04

4.36

3.07

Figure 3-22. Plot of total internal energy (ALLIE) and static dissipation energy (ALLSD) vs time for a
one-step simulation with boundary conditions matching the experimental study at 500 N of compressive
force. Automatic stabilization scheme used.
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3.3. Joint Contact Load Simulations
The contour plots of the contact pressure (CPRESS) [MPa] for the medial and lateral
tibial cartilage mesh bodies for all nine simulations, three for each participant, are shown
in Figures 3-22 through 3-30. The accompanying tables (3-13 through 3-15) give the
numerical value of max CPRESS based off the methods discussed in 2.3.9 for each
exercise and participant. If a simulation was unable to converge to completion but was
within approximately 10% of convergence in the loading step, the value for CPRESS was
linearly extrapolated for the remainder of the step, an asterisk denotes this.

Figure 3-23. Contour plot with CPRESS plotted for gait results of 2018Jan19-01 (control)
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Figure 3-24. Contour plot with CPRESS plotted for gait results of 2016Nov10-01 (amputee)

Figure 3-25. Contour plot with CPRESS plotted for gait results of 2016Nov14-02 (amputee)
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Figure 3-26. Contour plot with CPRESS plotted for cycling results of 2018Jan19-01 (control)

Figure 3-27. Contour plot with CPRESS plotted for cycling results of 2016Nov10-01 (amputee)
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Figure 3-28. Contour plot with CPRESS plotted for cycling results of 2016Nov14-02 (amputee)

Figure 3-29. Contour plot with CPRESS plotted for elliptical results of 2018Jan19-01 (control)
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Figure 3-30. Contour plot with CPRESS plotted for elliptical results of 2016Nov10-01 (amputee)

Figure 3-31. Contour plot with CPRESS plotted for elliptical results of 2016Nov14-02 (amputee)
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Table 3-13. Joint contact load simulation results for gait exercise

CPRESS [MPa]

2018Jan19-01 (Control)
2016Nov10-01 (Amputee)
2016Nov14-02 (Amputee)*

Lateral Tibial

Medial Tibial

15.86
21.44
29.23

13.68
20.81
19.73

CPRESS normalized by
bodyweight [MPa/N]
Lateral
Medial
Tibial
Tibial
0.020
0.018
0.029
0.028
0.036
0.024

Table 3-14. Joint contact load simulation results for stationary cycling exercise

CPRESS [MPa]

2018Jan19-01 (Control)
2016Nov10-01 (Amputee)
2016Nov14-02 (Amputee)*

Lateral Tibial

Medial Tibial

7.52
10.32
10.81

14.16
13.33
13.96

CPRESS normalized by
bodyweight [MPa/N]
Lateral
Tibial
0.010
0.014
0.013

Medial
Tibial
0.018
0.018
0.017

Table 3-15. Joint contact load simulation results for elliptical training exercise

CPRESS [MPa]

2018Jan19-01 (Control)
2016Nov10-01 (Amputee)
2016Nov14-02 (Amputee)*

Lateral Tibial

Medial Tibial

11.09
18.84
23.89

15.17
17.40
21.78

CPRESS normalized by
bodyweight [MPa/N]
Lateral
Tibial
0.014
0.026
0.029

Medial
Tibial
0.020
0.024
0.026

The maximum contact pressure has been reported as the raw value along with a value
normalized by bodyweight [MPa/N]. The raw value is useful for comparing the medial
and tibial compartments to each other within the same participant and for future studies to
compare results to while the normalized value is useful for comparing each participant.
Normalizing based off bodyweight removes the confounding variable of non-uniform
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bodyweight of the participants to alleviate false patterns forming from the raw contact
pressure values.
With the current results, it is not possible to conduct a statistical analysis to compare
the results from a single control participant with the two amputee participants and detect
statistically significant differences. Qualitatively, the body mass-normalized contact
pressure experienced by the articular cartilage of the amputee simulations appears to be
larger in magnitude than the contact pressure in the control model in both the medial and
lateral tibial cartilage compartments. There is one exception with the medial tibial
cartilage contact pressure in cycling where the control participant has the same body
weight normalized contact pressure as one of the amputee participants. Based on the
participants analyzed in this study, the results show gait and elliptical exercises have
larger contact pressure than cycling in both compartments. Gait and elliptical
comparisons are not as clear with gait having larger contact pressure than elliptical for
some participants in some compartments but there is no distinct pattern. The difference in
magnitude of contact pressure between gait and elliptical for each compartment and for
each participant is minimal. For all participants in cycling, the magnitude of contact
pressure is larger in the medial compartment than the lateral compartment of the tibial
cartilage.
Visually, the contact pressure for the gait exercise maintains a magnitude closer to
the maximum value reported for a larger cartilage area than the cycling and elliptical
results. Simply put, the cycling and elliptical simulations tend towards a smaller area of
high contact pressure while the gait simulations show a large area of high contact
pressure (compare the colored regions in Figures 3-22 to 3-30).
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This visual can also be quantified through a model parameter called CAREA or the
total surface area of a contact surface that is actually experiencing contact. The results are
shown in Table 3-16 below.
Table 3-16. Total surface area [mm^2] (CAREA) of tibial cartilage compartments in contact with
femoral cartilage

Gait
CAREA (mm^2)
2018Jan19-01 (Control)
2016Nov10-01 (Amputee)
2016Nov14-02 (Amputee)

Lateral
Tibial
188.6
212.7
70.3

Cycling
Medial
Tibial
184.9
203.0
100.8

Lateral
Tibial
120.3
65.2
49.1

Medial
Tibial
42.2
80.5
42.7

Elliptical
Lateral
Tibial
152.4
104.9
93.3

Medial
Tibial
149.5
103.9
115.3

Qualitatively, the contact area for gait and elliptical exercise is larger than cycling for
both compartments. For gait, two of the participants have more area in contact than
elliptical but 2016Nov14-02 has elliptical contact area slightly larger than gait.
Comparing lateral to tibial compartments, the total area in contact is similar. The
largest difference in contact area magnitude is for 2016Nov14-02 in gait with the medial
compartment contact patch having 30.5 mm^2 more surface area than the lateral
compartment contact patch, roughly 30% different.

4. Discussion
4.1. Results
4.1.1. Convergence Analysis
The convergence analysis demonstrated that the variable of interest converged within
10%, which is better than previous studies of whole knee FE models by the Cal Poly
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HMB. This schema succeeds in a more robust and consistent simulation than previously
created by the Cal Poly HMB based off the convergence study results.

4.1.2. Validation Study
The results from the validation study with a 500 N compressive force and a 1000 N
compressive force applied to the femur show agreement with the experimental study
performed by Seitz in [35]. In both load cases, both the medial and lateral tibial cartilage
contact pressures fall within one standard deviation of the mean values reported by Seitz.
Additionally, the static dissipation energy to total internal energy ratio for both load cases
was below the recommended maximum when a global damping ratio was applied for
stabilization. The subject-specific finite element models created for this study have been
successfully validated against experimental data.

4.1.3. Joint Contact Load Studies
The core objective of this thesis was to simulate the effects of gait, stationary cycling
and elliptical training exercises on the articular cartilage in the tibiofemoral joint.
Specifically, a comparison was performed between control participants and transtibial
amputee participants when examining the magnitude of contact pressure exerted on the
tibial articular cartilage. This was done using subject-specific finite element models
composed of subject-specific geometry gathered from MRI scans and subject-specific
joint contact loads gathered from motion analysis experiments. To do this, a consistent
schema capable of producing FE models robust enough to converge with large
deformations was developed. The goals outlines were partially met.
This schema was able to produce converged models when forces were applied that
were more than three times larger in magnitude than previous Cal Poly HMB lab studies,
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again demonstrating more robust models than previous whole knee models developed in
the HMB lab. Out of the three geometries created, there were nine simulations attempted,
three simulations for each subject-specific tibiofemoral joint geometry that correspond to
the three exercises performed in the motion analysis experiments. The cartilage contact
pressures determined by these models are the most physiologically accurate measurement
made thus far by Cal Poly HMB lab members and can stand next to the large body of
work in this field.
The body of research that specifically looks at FE models of the tibiofemoral joint
articular contact pressure is limited, the number of studies that look at transtibial
amputees is even more limited. This makes it difficult to directly compare the results of
the subject-specific maintenance exercise simulations. The closest results are from Lane
in [25]. Table 4-17 and Table 4-18 below reports the values from Lane in comparison
with the values from these simulations for both gait and cycling exercises.
Table 4-17. Contact pressure results for gait exercise. Average values from Lane and subject-specific
values from this thesis.

Lane

Stearns

CPRESS Normalized
by bodyweight
[MPa/N]

Average
CPRESS

2018Jan19-01
(C)

2016Nov10-01
(A)

2016Nov14-02
(A)

Medial

0.0157

0.0176

-

-

Lateral

0.00896

0.0205

-

-

Medial

0.0163

-

0.0284

0.0240

Lateral

0.00883

-

0.0292

0.0355

Control
Amputee
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Table 4-18 Contact pressure results for cycling exercise. Average values from Lane and subject-specific
values from this thesis.

Lane

Stearns

CPRESS Normalized
by bodyweight
[MPa/N]

Average
CPRESS

2018Jan19-01
(C)

2016Nov10-01
(A)

2016Nov14-02
(A)

Medial

0.0119

0.0183

-

-

Lateral

0.00391

0.00970

-

-

Medial

0.0123

-

0.0182

0.0170

Lateral

0.00363

-

0.0141

0.0131

Control
Amputee

For gait, the one control simulation from this thesis has a cartilage contact pressure
value approximately 12% larger than the average from Lane [25] in the medial
compartment and 128% larger in the lateral compartment. The amputee simulations have
contact pressure values 74% and 47% larger in the medial compartment and 230% and
302% larger in the lateral compartment.
For cycling, the one control simulation from this thesis has a contact pressure value
approximately 53% larger than the average from Lane [25] in the medial compartment
and 148% larger in the lateral compartment. The amputee simulations have contact
pressure values 47% and 38% larger in the medial compartment and 287% and 262%
larger in the lateral compartment.
These results do make physiological sense as Lane applied joint reaction loads in his
simulation rather than joint contact loads. On average, joint contact loads are 200-300%
larger in magnitude than joint reaction forces. For this thesis, the varus-valgus and
internal-external rotation joint contact moments were neglected as the current
methodology from Fernandez in [32] only utilizes the forces. With the applied varusvalgus moment from Lane, the contact pressure is shifted to the medial compartment and
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results in much larger medial contact pressure than lateral contact pressure. This thesis
found there to be very slight differences in the contact pressure when comparing the two
tibial compartments in the same simulation. The difference in these two results is very
likely the result of neglecting the varus-valgus moment. Because muscle forces are not
included in the loading case for this thesis, the femur stays axially centered above the
tibia. A further study should see if including the varus-valgus moment alters the
distribution in contact pressure between the tibial compartments.
In gait for this thesis, the lateral compartment had a larger contact pressure value than
the medial and in cycling the medial compartment had a larger contact pressure than the
lateral for each simulation.
There is a small body of work that has also created subject-specific FE models of the
TF joint and applied subject-specific boundary conditions derived from motion analysis
experiments. One study from Klodowski in 2015 [57] created one such model for gait for
a single subject. This paper details a model that uses force and flexion-extension angle
curves from motion analysis data as boundary conditions for the FE model. However, this
study only utilized compressive force on the model most similar to this thesis (Model A
in the paper). Once normalized over bodyweight, the contact pressure reported in this
thesis for the medial compartment of the control participant was very similar to that in
[57], this thesis had a magnitude approximately 15% larger. The agreement in the lateral
compartment was not as good with about a 300% difference. This could be attributed to a
difference in boundary conditions with the femur in [57] having less ability to rotate
about the varus-valgus axis.
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Another study from the Cal Poly HMB lab from Orekhov also supports the findings
of this thesis. In [34] Orekhov found that the maximum compressive joint resultant force
in the tibiofemoral joint was highest in gait and lowest in cycling, with elliptical slightly
lower than gait. This aligns with the results from this thesis showing that the contact
pressure in gait is largest with cycling being the smallest and elliptical slightly lower than
gait.
Comparing the contact pressure of the tibial cartilage in this thesis with other papers
that are also tibiofemoral joint FE models such as [35], [45], [54] that address the effects
of meniscectomies and body weight on joint contact pressure also show the results found
in this thesis are reasonable. The applied compressive forces in these papers are around
three to four times less than the compressive forces in this thesis, the resulting contact
pressures are also three to four times less than the contact pressures reported in these
papers. This makes physical sense as the relationship between axial force and contact
pressure is linear (𝐹/𝐴 = 𝑃).
This thesis succeeds in generating fully subject-specific finite element models that
can produce meaningful, physiological data. Due to the implementation of joint contact
forces with subject-specific load data, these models represent the most accurate whole
knee finite element models to be developed by the HMB lab and the only subject-specific
whole knee models using subject-specific loads for controls and transtibial amputees ever
created.

4.2. Limitations and Recommendations
This schema was developed with the goal of a low-cost semi-automated process for
gathering subject-specific data and creating a functional FE model of the TF joint. Based
63

off the results and from many trials throughout the project, it is evident that this schema
is a step in the right direction but is not a flawless methodology. The limitations
discussed will be partnered with suggested future work.

4.2.1. MRI Images and Segmentation
A local hospital was chosen for the MRI scans of the TF joint for all participants.
This choice was made with practicality in mind for the subjects who volunteered for the
experiments and allowed the researchers to communicate with the medical professionals
who performed the scans. The MRI machine available at the medical facility has a field
strength of 1.5T, which is generally accepted as sufficient for diagnoses involving large
bones in the torso and legs. However, a machine capable of producing a 3.0T field is
more optimal for segmentation because the scans produce more clear and vivid images.
See Figure 4-32 and Figure 4-33 below to compare, with Figure 4-32 using a 1.5T
machine and Figure 4-33 using a 3.0T machine.
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Figure 4-32. MRI Scan of TF Joint from the sagittal plane from a 1.5T machine
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Figure 4-33. MRI Scan of TF Joint from the sagittal plane from a 3.0T machine [58]

The difference in clarity is pronounced and any future MRI scans should be obtained
from a machine that uses a 3.0T field. This change would help immensely with issues
that developed from the segmentation process. It was very difficult to determine the
boundaries for the bodies used in the model and impossible to accurately segment
ligaments.
The segmentation process relied heavily on user judgement for the boundary of each
body. This raises problems when the user is not a trained medical professional. While
working on a project where anatomical accuracy is of vital importance, the individual
doing the segmentation should have some level of professional training and guidance.
One model (Subject ID: 2019Jan19-01) was validated by a local orthopedic surgeon for
physiological accuracy. A recommendation for further work on this project is to recruit a
single researcher who has familiarity with human knee anatomy to fully segment all
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bodies and to have all these segmentations validated by a local orthopedic surgeon. Based
off conversations with local radiologists, there will always be some level of inconsistency
from individual to individual when reading MRI scans. Using a single researcher to
segment all bodies will lead to consistent judgement calls across all models with the
added benefit of improvement over time with reading the images.
Additionally, manual segmentation was used in ITK-SNAP which lead to user error
due to the very slight changes in contrast that denote a change in tissue density.
Automated segmentation does not suffer from bias like a manual segmentation. Once the
parameters have been defined for a single knee, they may be applied to all future knees to
ensure consistency if not perfect accuracy. The automated segmentation for open-source
software is not well documented so the attempts made during this project were not
successful. This could also be due to a lack of contrast between tissue densities that are a
product of the 1.5T scans. A potential replacement for open-source segmentation is the
commercial software Materialise Mimics, which supports automated and manual
segmentation as well as geometry smoothing.

4.2.2. Smoothing
With a schema emphasizing open-source solutions where possible, the geometry
smoothing performed with MeshLab proved the most successful part. While
documentation of the filters used was lacking and a concise user guide is not available,
nearly all filters reference an article that describes the algorithms used. The filters are not
perfectly stable and especially with isoparameterizaton it is difficult to reproduce similar
results even with the same starting geometry. Results were close enough to be
computationally irrelevant provided no errors occurred through the smoothing process.
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This software could be alongside a commercial segmentation software with functional
results, but if the commercial software possesses its own smoothing algorithms a
comparison could be made between the two.
There were several of the soft tissue bodies that had volumes change by more than the
desired 5%. This is likely due to segmentation errors, as the bodies in question had many
vertices removed with the filter intended to remove unconnected regions while others that
had less than 5% change had very few. This issue with smoothing would be eliminated by
more accurate segmentation. The most obvious method for more accurate segmentation is
to utilize the automated segmentation in ITK-SNAP or Mimics with a well-documented
set of parameters for distinguishing tissues so error by the user is minimized. This may
not be possible with the MRI machine used for this study, so an alternative method is to
recruit an individual with a primary objective of creating the most accurate and smooth
segmentation of the tissues while verifying each body with an expert in the field.

4.2.3. Meshing
The meshing process is arguably the most important step for a finite element model.
Without well-defined elements that are free of errors, convergence of a model is
impossible as an inverse of the stiffness matrix must be calculated to solve the
simulation. TetGen is a promising open-source solution for any simulations where
tetrahedral elements are desired. It allows for fully automated meshing when provided
with a closed surface and can output a file compatible with many FE solvers. However,
TetGen does not provide a simple method of creating surface meshes such as those used
for the bones and the computational meshes it does output do not always reflect the
expected results.
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The most important flaw is that TetGen can produce elements that have 0 volume by
the standards of Abaqus FEA, as well as a number of distorted elements on the bodies
used in this study. The soft bodies are highly irregular in shape and likely require
refinement in specific areas to produce a mesh that does not have an excessive number of
elements. There are potential confounding variables, the imported mesh from MeshLab
could have triangular facets that do not allow for a tetrahedral volume mesh to generate
correctly. All elements that had 0 volume or were highly distorted when the bodies were
imported into Abaqus FEA were removed with a custom MatLab script included in
Appendix G – MatLab Scripts. This is not an ideal solution as it introduced localized
stress concentrations that could make results inaccurate in the areas of interest.
Most importantly, hexahedral meshing is not included within TetGen. While studies
have shown that quadratic tetrahedral elements can perform just as well as linear
hexahedral elements [52], it remains that hexahedral elements are more robust when large
distortions occur. The main convergence issue experienced was negative eigenvalues, this
error occurs when an element distorts to the point that it self-intersects and has zero
volume. Tetrahedral elements suffer from this more often than hexahedral elements due
to the difference in the number of sides, especially when subjected to large forces normal
to the surface of the element such as in contact. Since there are no open-source
hexahedral meshing solutions with sufficient documentation available, it is highly
recommended that a commercial meshing software that allows for meshing with
quadratic hexahedral meshing is used in future studies. Two options include TrueGrid
(XYZ Scientific Applications, Pleasant Hill, CA) and Hypermesh (Altair Engineering,
Troy, MI). Previous HMB works including [22]–[24] used TrueGrid for the FE mesh
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generation. Both softwares use a similar approach of creating a domain of cubes that is
projected on the bodies with several steps to create a best fit mesh of the curves. This is a
manual process and can introduce error, especially when the user is not familiar with the
methodology. TrueGrid does have a goal of automating the hexahedral meshing process
but it is unclear when and if this goal will be attained. By eschewing an automated
process, the overall time invested into a single subject-specific FE model increases,
however it has been shown by this methodology that automated tetrahedral meshing has
its own limitations with a lack of control over the final mesh. A specific paper to
reference a comprehensive meshing scheme is Besier in [16]. Besier uses a commercial
software, Geomagic Wrap (3D Systems, Research Triangle Park, North Carolina), to
create NURBS surfaces from point cloud data. This eliminates the need to mesh bodies
outside of Abaqus as the NURBS surface may be exported as the Abaqus-compatible file
format IGES. This will eliminate the confounding factor zero-volume elements being
present in Abaqus when TetGen reports none. While the automated meshing of TetGen is
convenient and has a low barrier to use, a robust mesh is more important than some time
savings in the meshing process.
In addition, using two separate software to obtain a desired average edge length of a
computational mesh is difficult, especially when MeshLab does not have this capability
easily available. This led to the parallel bodies across each knee joint having significantly
different average element sizes despite careful control over the number of surface faces.
A meshing program that allows the user to set the desired average edge length in various
regions would allow for much more robust meshes.
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4.2.4. Assembly Components and Material Properties
Various issues arising from segmentation have been discussed, a final limitation
concerning the modeling of ligaments also is derived from segmentation. The TF joint
has an extremely complex set of ligaments that allow for stability during activity, they are
attached both to bones and to the menisci. This system in this study has been
approximated as four non-linear axial springs, based off prior work. Ideally, ligaments
would be modeled as nonlinear anisotropic bodies that interact with all components of the
TF joint. A large portion of ligament stiffness comes from the friction between the
ligament bundles as they wrap around each other and elongate when under tension and
from viscous forces exerted by the synovial fluid surrounding the ligament bundles
during elongation. The MRI scans did not produce images that allowed for continuum
bodies to be generated for the ligaments. In addition, very little research exists to justify
the approximation of these ligaments as simple springs, as quantifying the material
properties of ligaments in vitro is vastly different than the behavior in vivo.
The meniscal horns were also neglected as the previous method of using nonlinear
springs to act as the attachment horns led to excessive motion of the menisci as they slid
anterior to the tibial plateau relative to the cartilage they rest on. With the method of
tying the menisci to the cartilage, this issue is eliminated, but it does not reflect the
physiological behavior of the menisci. This could lead to inaccurate placement of the
femur after it has undergone rotation. The menisci are meant to ensure the femur stays
located over the tibial plateau, which is maintained with the methods used to fix the
menisci in this paper however it may be too severe as there is minimal relative translation
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between the femur and the tibia in the simulation. It is unknown if this is physiologically
accurate and future work should research studies that discuss this behavior.
Additionally, both the meniscus and cartilage are modeled as linear elastic materials.
This is a common practice for quasi-static analyses, but it does not reflect the meniscus
behavior in vivo. The meniscus provides stability to the TF joint during activity through
its anisotropic properties distributing an unstable compressive force into hoop stress [59].
In the simulations performed with this schema, the meniscus takes almost no load due to
the frictionless contact forcing the knee to slide off the nearly incompressible meniscus.
Because this study is more interested in cartilage contact pressure and because the role of
the meniscus is to redirect the femur contact to the central portion of the tibial cartilage,
this behavior is acceptable but not ideal.

4.2.5. Load and Boundary Conditions
The aim of the research conducted by the Cal Poly Human motion biomechanics lab
is to understand the cause of early onset osteoarthritis in the TF joint experienced by
transtibial (TT) amputees. The hypothesis was presented that TT amputees have a larger
magnitude of contact pressure on the articular cartilage which degrades the tissue. The
schema in this paper uses the load conditions derived from the point at which maximum
compressive force occurs. This force tends to be the largest in magnitude when compared
to the anterior-posterior shear and medial-lateral shear which leads to an assumption that
the largest compressive force likely means large contact pressure. However, one time
point during a cycle of gait, cycling, and elliptical training does not represent daily
activity that is a normal cause for osteoarthritis. Further studies could explore the entire
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cycle through multiple steps in Abaqus FEA to better represent the full loading behavior
of the cartilage in daily activity.
This study also neglected muscle forces that affect the TF joint. Previous work shows
that muscle forces can be a large contributor to joint contact forces [60]. The effect of
applying muscles forces to the FE model is unknown. The contact forces used in this
thesis were determined from a multi-body simulation with muscle actuators and should
be fairly accurate. Since the contact forces and the tibial constraints are specified, it is
possible that adding muscle forces directly to the tibia would only change the reaction
forces required to maintain the zero displacement (translational and rotational) constraints
on the tibia. It is unclear what effect adding the muscle forces to the femur would have.
Additionally, the effects of including the patellofemoral joint contact force along with a
patellar force at the insertion point on the anterior tibia are unknown. Future studies
should attempt to include these forces and examine their impact.
More importantly, the varus-valgus and internal-external rotation moments were
neglected. This data was not available at the time this study was conducted, however it
could explain why there was not a large difference between the medial and lateral
compartments for exercise with previous work from Lane [25] showing the opposite.

4.2.6. Simulation Controls and Damping
The effect of viscous damping on the simulations utilizing experimental knee angles
and joint contact loads is much higher than the recommended levels. As shown earlier,
the automatic stabilization scheme produces a simulation that minimizes the impact of the
damping factor by keeping the static dissipation energy much lower than the total internal
energy in the model when applied to the validation study. The experimental studies were
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unable to converge using the automatic stabilization scheme and required a user-defined
constant factor to converge. An exploratory study was performed where automatic
stabilization was used during the rotation step while a constant damping factor was used
in the loading step where Figure 4-34 below shows both energies over time. It is clear the
constant damping factor causes the static dissipation energy to dominate the simulation.
A study focusing on a combination of automated and constant damping could make this
modeling scheme viable for completely subject-specific simulations utilizing subjectspecific geometry and subject-specific joint contact loads.

Figure 4-34. Plot of total internal energy (ALLIE) and static dissipation energy (ALLSD) vs time for a
two-step simulation (0-1.0 and 1.0-2.0) where the first step uses automated damping and the second step
uses a user-defined constant damping coefficient. Simulation uses the subject-specific gait exercise loading
data from participant 2018Jan19-01.

It is unclear why the simulation is unable to converge when using the automated
stabilization scheme. The message file shows distorted elements, a common cause for
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convergence failure throughout the course of this study. Further work on understanding
how the applied damping factor affects the simulation is recommended. Some
preliminary searches have turned up the idea that the rigid bones could be impacting
convergence ability. As discussed earlier, modeling bones as rigid surfaces does not
impact the pressure experienced by the articular cartilage, but rigid bodies undergoing
large rotations and translations can cause convergence problems. Another potential area
to study is applying local damping at the contact sites instead of a global damping factor,
this should reduce the amount of energy dissipated.

5. Conclusion
The goal of comparing control and transtibial amputee tibial cartilage contact
pressure developed in three maintenance exercises (gait, cycling and elliptical training)
has been partially met. Three participants, one control and two amputees, have
physiologically relevant contact pressure results from finite element simulations. These
results show that under loads from gait, both tibial compartments experience the largest
magnitude contact pressure over the largest area, followed by elliptical and then cycling
in descending order of both magnitude of contact pressure and area of application.
Between control and amputee participants, the amputee participants had larger magnitude
bodyweight normalized contact pressure in both compartments than the control
participants in nearly all exercises. The one exception was the medial compartment in the
elliptical training load case.
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However, because there is not the minimum of three participants in each group,
statistical analysis to determine significance of these results is not possible. These results
can still be useful in directing future research in this area.
The most impactful limitations of the study are the application of a global damping
factor, poor element quality in some bodies, and manual segmentation. The global
damping factor would ideally be removed but if it is necessary for convergence, the
automatic scheme should be used. This also ties into the second limitation of poor
element quality. The global damping factor helps to reduce distortion in the elements,
extremely important for this thesis as some of the tetrahedral elements started the
simulation distorted. The element quality could be improved through the use of a
commercial meshing solution or manual meshing. If manual meshing is used, it is
recommended to move to a hexahedral meshing scheme as they are more resistant to
excessive distortion than tetrahedral elements. To address inconsistencies in
segmentation, automated segmentation based off saturation levels should be explored.
While this may not be possible with the current MRIs used in this thesis, the use of a
more powerful machine to attain higher quality images would allow for better
differentiation of tissues.
The goal of developing a robust, automated schema for physiologically accurate
simulations of the TF joint has been advanced but has not yet been finished. The TF is
one of the most analyzed joints in the human body due to its impact on quality of life and
every new study contributes to a better methodology for the development of an accurate
FE model. The results generated from this thesis are another step forward in this decades
long project carried out by various researchers and labs. This thesis is novel in its success
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in outputting multiple converged subject-specific whole-knee finite element models.
Along with that, this thesis provides a detailed methodology and all files necessary to
replicate the results presented. It is with hope that this schema can be altered and
improved thanks to the exhaustive nature of the described modeling. This author is
pleased to present the results contained within and hopes to see further advances in the
development of analytical tools, such as subject-specific finite element models, that can
be used to help those suffering from debilitating diseases such as early-onset
osteoarthritis.
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Appendix A – Manual MRI Segmentation
Cal Poly HMB Lab
Protocol
August 19, 2019

KNEE SEGMENTATION
USING ITK-SNAP

Jonathon T. Stearns (1,2), Stephen M. Klisch (1,2), Scott Hazelwood (2)

(1) Mechanical Engineering Department
California Polytechnic State University
San Luis Obispo, CA, USA

INTRODUCTION
Magnetic Resonance Imaging (MRI) image sequences must be
segmented to create a 3D model that is utilized in a Finite Element
Analysis (FEA) study. This process can be performed manually or
automatically with the use of algorithms. This protocol describes the
current methodology for using the open-source ITK-SNAP [3] software
for manual segmentation of images obtained from MRI. Includes set-up
of the ITK-SNAP workspace and suggested methodology.
This protocol takes place after processing the raw MRI files
received from the hospital to deidentify the files.
The user will open the .dcm files in ITK-SNAP, alter the .itksnap
workspace file, and begin the segmentation process.

SAFETY
There are no safety precautions necessary to be taken before performing
this procedure.

EQUIPMENT & MATERIALS
Computer. A computer with Windows OS. Recommended a good
mouse and pad. Optional, a system with pen input.
ITK-SNAP. Open-source software used for segmentation of medical
images. Download here. Protocol uses ITK-SNAP v. 3.8.0
Processed MRI .dcm files. Files from MRI De-identification
protocol. Should have the files extension of .dcm and have several
separate series. Stored in HMB network drive in directory
SEGMENTATION.
HMB Network Drive. Contains all files critical to the FEA portion
of HMB lab. To connect, see Connect to HMB Network Drive protocol.
.itsksnap Workspace File. Contains workspace information for
ITK-SNAP. Changes for every .dcm series. Locate copy from
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(2) Biomedical Engineering Department
California Polytechnic State University
San Luis Obispo, CA, USA

previously segmented subjects and later use as instructed in this
protocol.
Sublime Text. Sublime is a powerful text editor used through the
course of this protocol. You may use your preferred text editor instead
if desired. Download here

METHODS
Open DICOM Series. Go to File and select Open Main Image.
Browse to directory the processed .dcm files are being stored in. If
working on campus, this will be on the HMB server. Select any of the
files to open and select Next.
Choosing Correct Series. Each series will be numbered. Select the
series with the Description Sag PD-fs FSE with the largest Number of
Images (Fig. 1). Select Next then Finish. This series is the sagittal plane
with the smallest step between images with a contrast filter
recommended by French Hospital.

Hovering the mouse of the paintbrush icon shows a tooltip that explains
the functions of the mouse buttons. Do not use the 3D option, it applies
your strokes to many images and is not accurate. Isotropic alters the
shape of the brush in the reconstructed images (the coronal and
transverse planes for our procedure). The shape of the brush is up to
user-preference. The adaptive brush can be useful when there is a clear
edge distinction such as between bone and cartilage. It automatically
changes the stroke to not include voxels of a signficantly different grayscale (Fig. 6)

Fig 6. Adaptive Brush used on the dark black of the Femur
Polygon Overview. An alternative tools for geometries that remain
generaly unchanged for several slices is the Polygon tool (Fig. 7)

On the same margin that accept is on is the command paste last
polygon, this allows you to move to the next slice with an identical
polygon and make any necessary adjustments.
To zoom in and out, the user must switch back to Crosshair Mode in the
Main Toolbar. The label may be changed from the Quick Label Picker
in the Main Toolbar or in the bottom left in the Segmentation Labels
window. Generally use only Paint Over: Clear Label unless making very
fine alterations towards the end of segmentation.
Viewing Windows Overview. The main image for the knee is in the
sagittal plane in the top right corner. For initially segmenting, expand
the image by clicking on the “S” in the top right (Fig. 10).

Fig 10. Expand Sagittal plane view
In these views you are unable to view the 3D surfaces being generated
by the segmentation process. Checking the 3D surfaces is the best way
to ensure the segmantation process is accurately capturing the true
geometry of the subject. To update the 3D surfaces, either manually
click Update in the bottom left corner, or turn on continuous update (Fig.
11).

Fig 7. Polygon Tool
Use the left mouse to place vertices for the polygon that follow the
general outline of the body you are segmenting. Complete the polygon
by left clicking on the starting vertex (Fig. 8).

Fig 11. 3D Surface view of a partially segmented knee with
update options shown
Iterate through all necessary labels to generate a complete model.

Export Geometry. Once the images have been fully segmented, the

Fig 8. Initial Outline
The outline may be altered by left-clicking on a vertx point or a line
segment and dragging to a new position. You may also box select to
move multiple points at the same time. Once the outline is finalized for
a given slice, select accept on the margin below the view you are
working in (Fig. 9). This will fill in the polygon with the given label
selected on the left toolbar.
Fig 9. Polygon Commands

87

geometry can be exported for smoothing and other processes required.
Verify Geometry. An oddity with ITK-SNAP with exporting surface
meshes is the extreme edges of the image must not have any label to
create a closed surface. While segmenting, avoid labelling the pixel at
the extreme of any of the edges. If you export the surface meshes and
they are not closed, first check each image in the series and use the
paintbrush tool to clear the edges of each image.
Export Geometry. Select Segmentation from the top toolbar and select
Export as Surface Mesh. There are three options, the simplest is to
export as a single label (Fig. 12).

Fig 4. Labels used for knee model
Click on Segmentation in the navigation pane. Select Save
Untitled.niii.gz as and save the file as SUBJECTID.nii.gz in the
directory F:\Segmentation\SUBJECTID. Select Workspace in
navigation pane and select Save Workspace SUBJECTID.itksnap.
This finalizes your .itksnap file and you may use CTL+S to save or
select Segmentation in the navigation pane and save to
SUBJECTID.nii.gz.

Segment Image. Now that the workspace is set up, proceed to fully

Fig 1. Correct Series for 2018May25-01R

Setup Workspace. Create and edit the .itsksnap file created by user
to contain correct labelling.
Create Workspace File. Select Workspace in the navigation pane and
select Save Workspace As. Name the file SUBJECTID.itksnap and
save it in the directory F:\Segmentation Project\SUBJECTID (Example
assumes user is using a USB device in drive F:).
Edit Workspace File. Navigate to directory where SUBJECTID.itksnap
file is stored. Open file using a text editor. Open copy of .itksnap file
from previous project (Example assumes user is using 2016Aug1202.itksnap). Search for LabelTable in 2016Aug12-02.itksnap and copy
from LabelTable to the line /folder after the last label (Fig. 2-3).

segment the subject.
Anatomical References. While segmenting, it is critical to understand
the anatomical relationships between tissues in the knee. The images
from a MRI machine can be difficult to understand without background
knowledge. See the following resources
•
Stanford MSK MRI Atlas
•
MRI of the Knee: A guide to Evaluation and Reporting [4]
Order of Segmentation. The manual segmentation process allows for
editing of the surfaces during any stage of the process. However, it helps
to establish an order of processing for precision and accuracy. The
recommended order here is chosen due to the ease of finding distinct
edges of each component:
•
Bones
•
Articular Cartilage
•
Menisci
Ligaments have not been included due to the poor resolution of the
chosen MRI machine used.
Paintbrush Overview. The main tool used during manual segmentation
is the Paintbrush in the Main Toolbar on the left side of the window
(Fig. 5)

Fig 2. Line containing LabelTable

Fig 3. Line containing \folder select
Open the workspace created in previous step, SUBJECTID.itksnap.
Replace the lines from LabelTable to /folder after the last label with the
lines copied from 2016Aug12-02.itksnap. Save SUBJECTID.itksnap.
Finalize Workspace File. Go back to ITK-SNAP program. Select
Workspace in navigation pane and select Open Workspace. Select the
workspace SUBJECTID.itksnap you just edited. Segmentation Labels
in the bottom left corner should now have the correct labels for the knee
(Fig. 4). You are now able to select labels and segment the images.
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Fig 5. Paintbrush Tool

Fig 12. Export Surface Mesh Wizard
Choose Next and in the next dialog box change the File Format to STL
Mesh File. Choose the file destination and name and select Finish.
Repeat this for all necessary labels

NEXT STEP
Smooth Geometry. Follow Knee STL Smoothing Protocol.
REFERENCES
[1] Rumery, M et al, HowToSegmentMRI2016Aug04-MR
[2] Lane, Gregory, HUMAN KNEE FEA MODEL FOR TRANSTIBIAL
AMPUTEE TIBIAL CARTILAGE PRESSURE IN GAIT AND CYCLING
[3] Paul A. Yushkevich, et all. User-guided 3D active contour
segmentation of anatomical structures: Significantly improved
efficiency and reliability. Neuroimage 2006 Jul 1;31(3):1116-28.
[4] Heron, C. W. “MRI of the Knee.” British Journal of
Radiology 1993: 292–302. British Journal of Radiology. Web.
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INTRODUCTION

Import Surface Mesh. Go to File and select Import Mesh. Browse

Segmentation of biological tissues is an effective method of obtaining
geometrically accurate 3D-models. However, these models are very
rough due to the “staircase” effect present from creating a 3D model
from a series of 2D images. To create a 3D model useful for analytic
method such as FEA, these staircase artifacts must be removed while
retaining key geometry for accurate simulation.
This protocol takes place after exporting the rough STL files from
ITK-SNAP
The user will open the rough STL files, smooth it using several
tools available in MeshLab [1] and save various iterations of the
smoothed STLs.

to directory the processed rough .stl files are being stored in. If working
on campus, this will be on the HMB server. Select any of the files to
open and select Open. The file will take several seconds to open with a
progress bar at the bottom. Then a prompt will appear, make sure the
checkmark for Unify Duplicated Vertices is selected and click OK.
Explanation of Windows and Toolbars. MeshLab is an extensive
program and this protocol utilizes very few of the available tools. For a
more comprehensive overview, refer to documentation supplied by
MeshLab online here.
Layer Dialog The window to the extreme right of the screen (Fig. 1).

SAFETY
Create copies of the rough .stl files in the event of inadvertent and
irrevocable alteration of the geometry.

EQUIPMENT & MATERIALS
Computer. A computer with Windows OS. Recommended a good
mouse and pad.

MeshLab 2016 Open-source software used for various alterations to
surface meshes. Download here. Protocol uses MeshLab 2016 v.12
Rough STL Files. Files from Knee MRI Segmentation protocol.
Should have the files extension of .stl. These should be copied from
their export location to a new folder to avoid altering the original files.
HMB Network Drive. Contains all files critical to the FEA portion
of HMB lab. To connect, see Connect to HMB Network Drive protocol.

METHODS
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Fig 1. Layer Dialog
This contains all information about the meshes in the current project.
Most important to note here is the number of faces and vertices, these
will be utilized when performing isoparametrization of the model. To

This contains all information about the meshes in the current project.
Most important to note here is the number of faces and vertices, these
will be utilized when performing isoparametrization of the model. To
open or close the Layer Dialog, click on the icon in the toolbar at the
top of the screen (Fig. 2)

current layer. The filters used in this have been adapted in part from
[3].
Remove Isolated pieces (wrt Diamter) The first filter applied. This
removes any vertices that are not connected to the main body. Found in
Filters > Cleaning and Repairing > Remove Isolated pieces (wrt
Diameter). Keep the parameters as default and select apply (Fig. 5).
Note the information that appears in the action history dialog box.

Fig 2. Layer Dialog Button
The tools used for this protocol are all located in the Filters tab at the
top of the screen. This tab has several menus that contain the various
operations.
Action History Dialog Box The window to the extreme right and bottom
of the screen. This box displays in text the results of tools applied. In
the case of this protocol it will detail the results of the various filters
being applied (Fig. 3).
Fig 5. Remove Isolated pieces (wrt Diameter) Parameters

Fig 3. Action History Dialog Box

Process Surface Mesh with Filters. Before applying any filter, it
is best to make a duplicate of the current layer. In the event that an
incorrect filter is applied or the impact of various parameters is being
studied, this is much quicker than going through all previous processes.
Each of these intermediate meshes can be exported to create a history
of the file processing. To make a duplicate, Right-click on the mesh in
the Layer Dialog and select Duplicate Current layer in the context
menu (Fig. 4).

Fig 4. Duplicate Current layer option
This will create an identical mesh that overlaps the original. To observe
any changes to the new mesh caused by applying filters, the previous
mesh must be hidden. Click on the icon of an eye to the left of the mesh
name in the Layer Dialog. To apply a layer, the correct mesh must be
selected. Some filters work by simply left-clicking the name of the mesh
in the Layer Dialog, however some do not. To minimize errors, always
Right-Click on the mesh in the Layer Dialog and select Change the
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Taubin Smooth This filter does the main smoothing of the rough STL
file. This removes the stairstep effect generated by the segmentation
process as well as any jagged points errors in manual segmentation. First
duplicate the current layer, hide the previous layer, and change the
current layer to the newly created layer. Locate the filter in Filters >
Smoothing, Fairing, and Deformation > Taubin Smooth. All the
bodies in this protocol used a Lambda of .6 and a mu of -.59, the
number of smoothing steps varied based off the individual STL (Fig.
6). All three variables affect the volume of the mesh. Click Apply once
the parameters have been set to specifications. Depending on the
number of steps, this filter may take several seconds up to a minute of
more to process. Do not click anywhere or multi-task during this
time, this can cause MeshLab to crash. Generally, the nuimber of steps
should not exceed 1000. All parameters used for
Subject-Specific Finite Element Simulation of the Human Knee in Gait,
Stationary Cycling and Elliptical Training Exercises for Transtibial
Amputee Cartilage Pressure is detailed in the Excel document
Smoothing Workflow – Stearns on the HMB Z drive.

Fig 6. Taubin Smooth Parameters

Volume Change The total volume change for bones was targeted at less
than 1% while the total volume change for cartilaginous bodes was
targeted at less than 3% and the total volume change for the two menisci
were targeted at less than 5%, These values were chosen as a
combination of visual judgement and the criticality of the geometry of
the tissues in the FE simulation. Since FE solvers are generally accepted
to have a minimum of 5% error, this was the maximum change to the
tissues that was deemed acceptable. For the soft tissue, this step has the
largest amount of volume change and it can be assumed if a mesh stays
within the given percentage limit in this step it will stay within that limit
for the following steps. To check the volume of a mesh, change the layer
to the desired mesh and go to Filters > Quality Measure and
Computations > Compute Geometric Measures. The results show in
the action history dialog box as Mesh Volume (Fig. 7). If this does not
show up, there will be a message notifying the user the surface mesh is
not closed, these are not viable for FEA and should be avoided. The
volume of the mesh should be measured after each filter is applied and
noted.

Fig 8. Quadric Edge Collapse Decimation Parameters

Fig 7. Mesh Volume from Geometric Measures
Quadric Edge Collapse Decimation This filter reduced the number of
faces in the surface mesh by merging edges and vertices given
parameters. This allows for a reasonable FE mesh to be developed.
Located in Filters > Remeshing, Simplification and Reconstruction
> Simplification: Quadric Edge Collapse Decimation. In the case of
Subject-Specific Finite Element Simulation of the Human Knee in Gait,
Stationary Cycling and Elliptical Training Exercises for Transtibial
Amputee Cartilage Pressure all parameters were kept constant for
boney and soft tissue. (Fig. 8). Click apply when done setting
parameters. This filter will take several seconds to process.

Iso Parametrization: Main Iso-parametrization is the process of
portioning a 2D surface to simple and equivalent shapes to fully define
a surface. This is further detailed in [2]. This is relevant to FEA by
creating a series of meshes that have the same geometric features but a
varying number of elements to complete a mesh-convergence study.
MeshLab will not retain a given iso-parametrized mesh in a saved
surface mesh file. Every time this filter it will give different results due
to the algorithms used, therefor to have nodes in the same place for the
FE study all meshes must be generated in the same session of MeshLab.
Save the STL generated after the previous step to ensure a backup is
available in the case of any errors.
The filter is located in Filters > Remeshing, Simplification and
Reconstruction > Iso Parametrization: Main. The options used are
shown below (Fig. 9).

Fig 9. Iso Parametrization: Main Parameters
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The AM Min Size and AM Max Size varied for the different bodies but
stayed within a range of 1 and 100 respectively. This was due to
difficulty in getting a water-tight surface that is valid for a FEA study.
Once the parameters are set, click Apply. This filter can take 30 seconds
to several minutes to run. This filter usually causes the program to
show as Not Responding, do not click anywhere during this time as
it will cause the filter to fail and the program to crash. Generally, the
filter will complete running and the program will continue to run.
Important to note in the Action History Dialog box is the Num Faces of
Abstract Domain and Area+Angle Distortion. These values should be
minimized to obtain re-meshed surface meshes that are accurate, watertight and contain a reasonable amount of faces for the FE study.
However, for a mesh convergence study the number of faces in the
abstract domain determines the number of nodes that are present across
all remeshed bodies. The location of these points in crucial and some
experimentation with parameters may be required in order to obtain a
mesh with nodes in the locations desired for a mesh convergence.
Bodies that have extreme geometry such as very thin sections and many
adjacent sharp corners will necessitate a larger number of faces in the
abstract domain, in the case of Subject-Specific Finite Element
Simulation of the Human Knee in Gait, Stationary Cycling and
Elliptical Training Exercises for Transtibial Amputee Cartilage
Pressure the menisci fit this criteria.
Iso Parametrization Remeshing This process creates a variety of surface
meshes with the same underlying abstract domain but a varying number
of faces. Ideal for a mesh-convergence study. Ensure that the original
mesh that was run through the Iso Parametrization: Main filter is
selected before using this filter or an error message will occur. This filter
is located in Filters > Remeshing, Simplification and Reconstruction
> Iso Parametrization Remeshing. The only parameter is the sampling
rate. This number is subjective to the number of abstract faces in the
surface mesh. It is best to experiment with the numbers to see how it
affects the mesh volume and to visually inspect the meshes generated.
The number must be an integer greater than 1 (Fig. 10).

Fig 10. Iso Parametrization Remeshing Parameter
Remember to reselect the mesh selected that was processed with Iso
Parametrization: Main and keep track of which mesh used which
sampling rate. It is best to iterate in steps of one to easily track this, as
MeshLab has no indicator to show what the sampling rate was for this
filter. Once the desired number of meshes has been created, note the
number of faces in each mesh as well as the volume to ensure it is within
the acceptable range.
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Saving Processed Meshes To save any mesh at any stage in the process,
select the mesh you wish to save as the current layer and navigate to
File > Export Mesh as… Change the name to the desired naming
scheme, choose the file type as STL and select Save. In the following
dialog box uncheck Binary encoding and Materialise Color
Encoding.

NEXT STEP
Smooth Geometry. Follow Knee Surface Meshing Protocol for
bones OR follow Knee Volume Meshing Protocol for soft bodies.

REFERENCES
[1] P. Cignoni, M. Callieri, M. Corsini, M. Dellepiane, F. Ganovelli, G.
Ranzuglia “MeshLab: an Open-Source Mesh Processing Tool”,
Sixth Eurographics Italian Chapter Conference, page 129-136, 2008
[2] N. Pietroni, M. Tarini, and P Cignoni, “Almost isometric mesh
parameterization through abstract domains”, IEEE TRANSACTIONS
ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. 0, NO. 0,
JULY 2009
[3] G. T. Lane, “Human Knee FEA Model For Transtivial Amputee
Cartilage Pressure In Gait and Cycling”, California Polytechnic State
University, San Luis Obispo, 2018.
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INTRODUCTION

Gmsh An open source meshing program [2]. The program as well as

Abaqus can parse a variety of file structures, including .stl file types.
However, .stl files must be imported using an Abaqus plug-in which
does not fit well in the workflow developed in [1]. Therefor a separate
program will be used to process the .stl file into a format accepted by
Abaqus.
A surface mesh can be utilized in several ways for a FE study. In
the case of [1] surface meshes are used to represent bones in the
tibiofemoral joint. These bodies are represented as surface meshes
because they are significantly stiffer structurally than the soft tissue of
cartilage. The surface meshes will be composed of 3D rigid elements,
these do not allow for any deformation of the mesh. These elements are
much less computationally intensive than 3D deformable elements and
the quantity of elements require for a surface mesh is much smaller than
the quantity required for the same geometry as a volume mesh.
Ideally, a single program would be utilized to do both the volume
and surface meshing, however due to time limitations this protocol will
use the program GMsh [2] while the volume meshing protocol will use
TetGen within the MatLab toolbox GIBBON.
It is recommended to move towards a single program in the future
to do all meshing to expediate the model creation process.

the user guide can be downloaded from http://gmsh.info/.
Smooth STL Files. Files from Knee STL Smoothing protocol.
Should have the files extension of .stl. These should be copied from
their location to a new folder to avoid altering the original files.
HMB Network Drive. Contains all files critical to the FEA portion
of HMB lab. To connect, see Connect to HMB Network Drive protocol.

SAFETY
Create copies of the smooth .stl files in case of inadvertent and
irrevocable alteration of the geometry.

EQUIPMENT & MATERIALS
Computer. A computer with Windows OS. Recommended a good
mouse and pad.
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METHODS
Collect all files. In the case of [1] the geometry files needed are the
bones in the tibiofemoral joint: the femur, the tibia and the fibula.
Process in Gmsh. Ensure the files are saved to a new working folder.
From the starting screen, select File then Open the smoothed .stl file
that is to be processed.
Check Meshing Options. Gmsh can mesh with a variety of algorithms
and in either 2D or 3D. To ensure the geometry is kept as a 2D mesh
with 1st order elements, go to Tools on the ribbon and select Options.
Navigate to Mesh on the left side of the dialog box, shown in Fig. 1.

Gmsh also uses an element definition that is not used in [1]. Navigate to
the line with *ELEMENT, type=CPS3, ELSET=Surface1 and
replace CPS3 with R3D3 and delete ELSET=Surface1. The location
of this line will change depending on the number of nodes present in the
geometry. At the end of the element definitions, generate an element set
with the format shown in Fig. 5 where the second number is the number
of elements present. The final line in the part should be *End Part.

Fig 1. Meshing Parameters
Leave the default settings for all options. Verify that element size factor
and element order are both set to 1. Close the window with the x in the
top right.
Mesh and Export. Once the meshing parameters are verified, expand the
Mesh option underneath Modules in the main window. Under Mesh
left-click on 2D, this should be a very quick operation. Navigate to File
in the top left of the ribbon and select Export. In the Save as type
dropdown menu, change to Mesh – Abaqus INP (*.inp) (Fig. 2)

Fig 5. Element Set Generation and End of File

NEXT STEP
Abaqus Model Setup. Follow Knee Abaqus Model Setup protocol.
REFERENCE
[1] J. T. Stearns, “Subject-Specific Finite Element Simulation of the
Human Knee in Gait, Stationary Cycling and Elliptical Training
Exercises for Transtibial Amputee Cartilage Pressure”, California
Polytechnic State University, San Luis Obispo, 2019.
[2] C. Geuzaine and J.-F. Remacle, “Gmsh: a three-dimensional finite
element mesh generator with built-in pre- and post-processing
facilities”. International Journal for Numerical Methods in Engineering,
Volume 79, Issue 11, pages 1309-1331, 2009

Fig 2. Export Options
The file will not have a file extension. Rename the file and add the
extension .inp to the file name before clicking Save. Leave the two
boxes unchecked in the dialog box that follows.
Edit the .inp File for Abaqus. The .inp structure contains the node
and element definitions for the mesh. To prepare the file for integration
into the model a few changes must be made to align with the
methodology in [1] through direct editing of the text file. The geometry
must be given a part name, shown in Fig. (3-4). The first two lines
should be removed and replaced with the line *Part,
name=NAME_OF_BONE.

Fig 3. Text File as Output from Gmsh

Fig 4. First Lines of Text File after Edit
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INTRODUCTION

Smooth STL Files. Files from Knee STL Smoothing protocol.

Abaqus can parse a variety of file structures, including .stl file types.
However, .stl files are surface meshes and not volume meshes and when
a .stl file is imported to Abaqus the user is unable to generate a volume
mesh.
A volume mesh is required for analysis of soft tissues. These
volume meshes can have either quadrilateral or tetrahedral elements
composing them. Because the .stl file type has a triangular facet to best
approximate geometry and because previous research has shown that a
sufficiently dense tetrahedral mesh approaches the same numerical
accuracy as a quadrilateral mesh [1], a tetrahedral volume meshing
algorithm was chosen for the soft-tissue bodies in [5].
To create these volume meshes from the .stl files, a combination of
MatLab and the add-on GIBBON [2] which contains the program
Tetgen [3] was used. This protocol allows for the mass creation of
quadratic tetrahedral volume meshes that will be imported as parts for
the Abaqus assembly in the FE study.

Should have the files extension of .stl. These should be copied from
their location to a new folder to avoid altering the original files.
HMB Network Drive. Contains all files critical to the FEA portion
of HMB lab. To connect, see Connect to HMB Network Drive protocol.
MatLab Code. This is the code used to generate all volume meshes
in [5]. Found in the HMB Drive and cosists of two functions
(MeshGen.m and AbaqusExport.m) and one master script
(MasterMeshing.m). These must all be in the same folder.

SAFETY
Create copies of the smooth .stl files in the event of inadvertent and
irrevocable alteration of the geometry.

EQUIPMENT & MATERIALS
Computer. A computer with Windows OS. Recommended a good
mouse and pad.
MatLab Any recent version is acceptable. MatLab R2018a was the
version utilized in this protocol.
GIBBON. This add-on to MatLab is a comprehensive package for
many simulation needs. Follow the installation instructions on the
GIBBON website.
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METHODS
Collect all files. The MatLab script is designed to parse all files with
the extension of. stl located in a given folder. It will read each .stl file
and create a matching. inp that has a quadratic tetrahedral volume mesh
with the same name as the .stl file. Collect all .stl files that are desired
for volume meshing into a single folder.
Run MasterMeshing.m Open MatLab and run MasterMeshing.m,
this will open a dialog box to select a folder. Select the folder containing
all the .stl files that have been collected for volume meshing (Fig. 1).

optional parameters used with those switches. The first character of this
string must always be a dash “-“.
Table 1. Tetgen switches used
Switch
p
Y

q

Fig 1. Folder Selection Dialog
Click Select Folder. The script may take several seconds to several
minutes to run depending on the computer being used and how many
files are being parsed. The script will display “Finished with Meshing”
in the MatLab Command Window when it has finished running. To
verify the correct number of meshes have been generated, check the
structure variable “fileList” in the MatLab Workspace.
Script Options. The structure of the script was defined by the
documentation of the functions present in the GIBBON toolbox. This
documentation is available on the GIBBON Website. A few of the
options chosen will be explained below.
Naming of Files. Located in MasterMeshing.m Line 14. The naming
convention of the files utilizes the underscore “_” to retain the correct
naming scheme of files. Input files should follow this structure:
“PARTNAME”_”SUBJECT
ID”_”NUMBER
USED
FOR
REMESHING IN MESHLAB” (Fig. 2).

O

o/

V

Explanation and Chosen Parameters
Reads a 3D PLC (Piecewise Linear Complex) and
generates a tetrahedral mesh.
Used alongside -p. The boundary edges and faces of
the input PLC are preserved in the generated volume
mesh.
Adds new points to improve the mesh quality based
off two numerical constraints separated by a “/”.
First constraint: Maximum radius-edge ratio. Default
is 2.0.
Second constraint: Minimum allowed dihedral angle.
Default is 0.
Specifies mesh optimization using two integers
separated by a “/”. If no integers are specified than
the default is used.
First constraint: Mesh optimization level from 0-9, 9
being max. Default is 2.
Second constraint: Allows certain operations such as
edge/face flip, vertex smoothing, vertex
insertion/deletion. From 0-7, 7 being all operations
allowed. Default is 7.
Alters the objective function of Tetgen. The
objective function of Tegten 1.4 is to reduce the
maximum dihedral angle of the tetrahedra. The
number after the switch alters the value of the
allowable angle. Default is 165 degrees.
Outputs detailed information about the generated
mesh to quickly check that the various options are
behaving as expected.

NEXT STEP
Abaqus Model Setup. Follow Knee Abaqus Model Setup protocol.

Fig 2. Example of Naming Convention
Click Select Folder. The script may take several seconds to several
minutes to run depending on the computer being used and how many
files are being parsed. The script uses the PARTNAME in line 1 of the
generated .inp file to name the Abaqus part and in the last lines to define
the node set and element set of the part (Fig. 3).

Fig 3. Example of PARTNAME Utilized in the .inp file
Element Choice. Located in MeshGen.m Line 41. The string in this line
determines the type of element TetGen will use for the volume meshing.
In the case of the quadratic tetrahedron this string is ‘tet10’. To have an
exported Abaqus .inp file the string in AbaqusExport.m Line 12 must
read ‘C3D10’.
Meshing Parameters. Located in MeshGen.m Line 31. The string in
this line determines the options for TetGen meshing. The string used for
all soft-bodies in [5] is: -pYq1.2/15Oo/150V. The chosen parameters
are explained in [5]. These options, and more, can be read about in detail
in the TetGen user manual in section 4.2 “Command Line Switches”
[4]. The table below lists the switches in the meshing string and any
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Appendix E – Abaqus Input Files
Main file:
** Abaqus Input File
** Template Created by Jonathon Stearns
** Model Created by Jon Stearns
** Geometry Created by Jon Stearns
** PARTS ***********************************************
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\FCart.inp
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\Femur.inp
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\Fibula.inp
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\LatMen.inp
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\LatTibCart.inp
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\MedMen.inp
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\MedTibCart.inp
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\Tibia.inp
** ASSEMBLY ********************************************
*Assembly, name=Knee
*Instance, name=FEMUR, part=Femur
*End Instance
**
*Instance, name=TIBIA, part=Tibia
*End Instance
**
*Instance, name=FIBULA, part=Fibula
*End Instance
**
*Instance, name=FCART, part=FCart
*End Instance
**
*Instance, name=LATTIBCART, part=LatTibCart
*End Instance
**
*Instance, name=MEDTIBCART, part=MedTibCart
*End Instance
**
*Instance, name=MEDMEN, part=MedMen
*End Instance
**
*Instance, name=LATMEN, part=LatMen
*End Instance
**
** SURFACE DEFINITIONS
***********************************************
* INCLUDE, INPUT=D:\Jon\Model Specific Files\2016Nov10-01L\Surfaces.txt
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**
** LIGAMENT ELEMENTS
***********************************************
*Element, type=CONN3D2
1, FEMUR.3761, TIBIA.2608
*Connector Section, elset=ACL, behavior=ACL
Axial,
*Elset, elset=ACL
1,
**
*Element, type=CONN3D2
2, FEMUR.2193, TIBIA.5410
*Connector Section, elset=PCL, behavior=PCL
Axial,
*Elset, elset=PCL
2,
**
*Element, type=CONN3D2
3, FEMUR.229, FIBULA.532
*Connector Section, elset=LCL, behavior=LCL
Axial,
*Elset, elset=LCL
3,
**
*Element, type=CONN3D2
4, FEMUR.5144, TIBIA.6539
*Connector Section, elset=MCL, behavior=MCL
Axial,
*Elset, elset=MCL
4,
**
** RIGID BODY DEFINITIONS
********************************************
*NSET, NSET=TIBIA_FIBULA_RBP, INSTANCE=Tibia
1
** Constraint: TIBIA_FIBULA_RB_CONSTRAINT
*ELSET, ELSET=TIBIA_FIBULA_ELEMENTS
TIBIA.TIBIA_ELEMENTS, FIBULA.FIBULA_ELEMENTS
*Rigid Body, ref node=TIBIA_FIBULA_RBP, elset=TIBIA_FIBULA_ELEMENTS
**
*NODE, NSET=FEMUR_RBP
1, -53, -14, 28
** Constraint: FEMUR_RB_CONSTRAINT
*ELSET, ELSET=FEMUR1_ELEMENTS
FEMUR.FEMUR_ELEMENTS
*Rigid Body, ref node=FEMUR_RBP, elset=FEMUR1_ELEMENTS
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**
** TIE CONTRAINTS
***************************************************
* INCLUDE, INPUT=D:\Jon\Model Specific Files\General\TieConstraints.txt
**
*End Assembly
** Ligament Properties *********************************
* INCLUDE, INPUT=D:\Jon\Model Specific
Files\General\LigamentDefinitions_NOPS.txt
**
** MATERIALS *******************************************
** Your defined material properties
* INCLUDE, INPUT=D:\Jon\Model Specific Files\General\Materials.txt
**
** INTERACTIONS ****************************************
**
** Your type of interaction, specifically contact
* INCLUDE, INPUT=D:\Jon\Model Specific Files\General\Interactions.txt
**
** Initial Boundary Conditions ***************************
** BOUNDARY CONDITIONS
**
** Name: Femur_DOF Type: Displacement/Rotation
*Boundary
FEMUR_RBP, 4, 4, 0
** Name: Tibia_Fix Type: Displacement/Rotation
*Boundary
TIBIA_FIBULA_RBP, 1, 1, 0
TIBIA_FIBULA_RBP, 2, 2, 0
TIBIA_FIBULA_RBP, 3, 3, 0
TIBIA_FIBULA_RBP, 4, 4, 0
TIBIA_FIBULA_RBP, 5, 5, 0
TIBIA_FIBULA_RBP, 6, 6, 0
**
** STEPS ****************************************
** STEP: Rotation
**
*Step, name=Rotation, nlgeom=YES, inc=10000, UNSYMM=YES
*Static, stabilize, factor=.002
0.05, 1., 1e-6, 1.
**
** BOUNDARY CONDITIONS ***********************************
**
** Name: FemurInitial Type: Displacement/Rotation
*Boundary, Type=VELOCITY, OP=NEW
FEMUR_RBP, 1, 1, 0
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FEMUR_RBP, 2, 2, 0
FEMUR_RBP, 3, 3, 0
FEMUR_RBP, 4, 4, .10492
**
TIBIA_FIBULA_RBP, 4, 4, 0
TIBIA_FIBULA_RBP, 5, 5, 0
TIBIA_FIBULA_RBP, 6, 6, 0
** CONTROLS *****************************************
*INCLUDE, INPUT=D:\Jon\Model Specific Files\General\Controls.txt
** OUTPUT REQUESTS **********************************
*INCLUDE, INPUT=D:\Jon\Model Specific Files\General\OutputRequests.txt
**
*END STEP
**
** STEP: Contact
**
*Step, name=Contact, nlgeom=YES, inc=10000, UNSYMM=YES
*Static, stabilize, factor=.002
0.05, 1., 1e-6, 1.
** BOUNDARY CONDITIONS ***********************************
**
** Name: FemurInitial Type: Displacement/Rotation
*Boundary, Type=VELOCITY, OP=NEW
FEMUR_RBP, 4, 4, 0
**
TIBIA_FIBULA_RBP, 1, 1, 0
TIBIA_FIBULA_RBP, 2, 2, 0
TIBIA_FIBULA_RBP, 3, 3, 0
TIBIA_FIBULA_RBP, 4, 4, 0
TIBIA_FIBULA_RBP, 5, 5, 0
TIBIA_FIBULA_RBP, 6, 6, 0
**
** LOADS ***********************************************
**
** Name: CompressiveForce Type: Concentrated force
*Cload
**FEMUR_RBP, 1, 120.2
**FEMUR_RBP, 2, 1304.1
FEMUR_RBP, 3, -4177.7
**
** CONTROLS *****************************************
*INCLUDE, INPUT=D:\Jon\Model Specific Files\General\Controls.txt
** OUTPUT REQUESTS **********************************
*INCLUDE, INPUT=D:\Jon\Model Specific Files\General\OutputRequests.txt
*END STEP
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Tie Constraints:
** TIE CONTRAINTS ***************************************************
*Tie, name=Femur-FCart, adjust=yes
FCARTT, FEMURT
*Tie, name=TibiaM, adjust=yes
MCARTT, TIBIAT
*Tie, name=TibiaL, adjust=yes
LCARTT, TIBIAT
*Tie, name=MedMenT, adjust=yes
MEDMENT, MCARTC
*Tie, name=LatMenT, adjust=yes
LATMENT, LCARTC

Ligament Definitions:
*Connector Behavior, name=ACL
*Connector Elasticity, nonlinear, component=1
0, -100
0, 0
1493.086475, 100
*Connector Behavior, name=PCL
*Connector Elasticity, nonlinear, component=1
0, -100
0, 0
1477.191856, 100
*Connector Behavior, name=MCL
*Connector Elasticity, nonlinear, component=1
0, -100
0, 0
1468.258053, 100
*Connector Behavior, name=LCL
*Connector Elasticity, nonlinear, component=1
0, -100
0, 0
1048.797555, 100
*Connector Behavior, name=MeniscusHorn
*Connector Elasticity, nonlinear, component=1
0, -100
0, 0
10480.797555, 100

Materials:
*Material, name=Cartilage
*Elastic, type=isotropic
41, 0.495
**
*Material, name=Meniscus
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*Elastic, type=isotropic
59, 0.49

Interactions:
** INTERACTION PROPERTIES
**
*Surface Interaction, name=FRICTIONLESS_CONTACT
1.,
*Friction, slip tolerance=0.005
0.,
*Surface Behavior, pressure-overclosure=HARD
**
** CONTACT INITIALIZATION DATA
**
*Contact Initialization Data, name="Contact Initialization"
**
** INTERACTIONS
**
** Contact Pairs
*Contact Pair, interaction=FRICTIONLESS_CONTACT, type=SURFACE TO
SURFACE
FCARTC, LMENC
*Contact Pair, interaction=FRICTIONLESS_CONTACT, type=SURFACE TO
SURFACE
FCARTC, MMENC
*Contact Pair, interaction=FRICTIONLESS_CONTACT, type=SURFACE TO
SURFACE
FCARTC, MCARTC
*Contact Pair, interaction=FRICTIONLESS_CONTACT, type=SURFACE TO
SURFACE
FCARTC, LCARTC
*Contact Pair, interaction=FRICTIONLESS_CONTACT, type=SURFACE TO
SURFACE
LCARTC, LMENC
*Contact Pair, interaction=FRICTIONLESS_CONTACT, type=SURFACE TO
SURFACE
MCARTC, MMENC

Controls:
** CONTACT CONTROLS
*Contact Controls, absolutePenetrationTolerance=100
** SOLVER CONTROLS
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*Controls, parameters=time incrementation
10, 16, , 20, , , , 5, , ,
*Controls, parameters=field, FIELD=GLOBAL
.03, .10, , , .2, , .03,
*CONTROLS, PARAMETERS=LINE SEARCH
5, , , ,

Output Requests:
*Restart, write, Frequency=1
**
** FIELD OUTPUT: F-Output-1
**
*Output, field
*Contact Output
CDISP, CNAREA, CSTRESS
**
** FIELD OUTPUT: F-Output-2
**
*Node Output
RT, TF, CF, VF
**
** FIELD OUTPUT: F-Output-3
**
*Element Output, directions=YES
E,S,
**
** FIELD OUTPUT: F-Output-4
**
*Node Output
U,
*Output, history
*Energy Output
ALLSD, ALLIE
*Contact Output
CAREA, CFN3, CFNM, XN1, XN2, XN3
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Appendix F – Subject Specific Load Cases
Subject ID

%
Cycle

Knee
Angle
[rad]

Knee Angle
[deg]

AP Shear [N]

Compressive
Force [N]

ML Shear
[N]

1304.1
117.2
724.4

4177.7
2397.0
2936.4

-120.2
-102.9
-145.9

319.5
-59.7
174.9

729.9
632.2
558.7

87.2
-22.8
48.4

575.1
355.8
240.3

2034.8
2960.5
1658.1

-133.8
-91.6
-41.9

Gait
2016Nov10-01
2016Nov14-02
2018Jan19-01

45
51
45

0.10492
0.25039
0.15681

2016Nov10-01
2016Nov14-02
2018Jan19-01

95
49
21

1.87134
0.55052
1.33188

2016Nov10-01
2016Nov14-02
2018Jan19-01

86
0
2

1.16893
0.50171
0.64056
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6.0
14.3
9.0
Cycling
107.2
31.5
76.3
Elliptical
67.0
28.7
36.7

Appendix G – MatLab Scripts
Code to mesh elements using TetGen through MatLab addon GIBBON. In two parts:

Using TEGEN in GIBBON for smoothed STL Processing
function [Nm,Em] = MeshGen(filelocation,filename,modelName,string)

Import STL
defaultFolder = fileparts(fileparts(mfilename('fullpath')));
pathName=fullfile(filelocation);
fileName=fullfile(pathName,filename);
[stlStruct] = import_STL(fileName);
F=stlStruct.solidFaces{1};
V=stlStruct.solidVertices{1};
% Merging nodes (nodes are not merged in stl)
[F,V]=mergeVertices(F,V);

Define Face Boundary Markers
faceBoundaryMarker=ones(size(F,1),1);

Define Region Points
V_regions=[]; % Each body has only 1 region, leave this blank

Define Nodes that Make Holes in Model
V_holes=[]; % Leave this blank

Regional Mesh Volume Parameter
[regionA]=tetVolMeanEst(F,V); %Volume for regular tets
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Creating Tetgen Input Structure
stringOpt=string;
inputStruct.stringOpt=stringOpt;
inputStruct.Faces=F;
inputStruct.Nodes=V;
inputStruct.faceBoundaryMarker=faceBoundaryMarker; %Face boundary markers
inputStruct.regionPoints=V_regions; %region points
inputStruct.regionA=regionA;
inputStruct.minRegionMarker=2; %Minimum region marker
inputStruct.modelName=modelName;
inputStruct.tetType='tet10';

Mesh Model using Tet Elements
[meshOutput]=runTetGen(inputStruct); %Run tetGen

Access Model Data
Fb=meshOutput.facesBoundary;
Cb=meshOutput.boundaryMarker;
Nm=meshOutput.nodes;
CE=meshOutput.elementMaterialID;
Em=meshOutput.elements;
end
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Using TEGEN in GIBBON for exporting to .inp format
function [INP] = AbaqusExport(FileName,ModelName,Nm,Em)
% Nodes
nodeIds=(1:1:size(Nm,1))';
abaqus_spec.Part{1}.ATTR.name=ModelName;
abaqus_spec.Part{1}.Node={nodeIds,Nm};
% Element
elementIds=(1:size(Em,1))';
abaqus_spec.Part{1}.Element{1}.ATTR.type='C3D10HS'; % Quadratic Tetrahedron
abaqus_spec.Part{1}.Element{1}.VAL={elementIds,Em};
% Element Sets
gen=strcat(ModelName,'_ELEMENTS, generate');
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abaqus_spec.Part{1}.Elset{1}.ATTR.elset=gen;
lastelement=size(Em,1);
last=num2str(lastelement);
set=strcat('1,',last,',1');
abaqus_spec.Part{1}.Elset{1}.VAL=set;

% Section Material Assignment
latmen1 = strcmp('LatMen',ModelName);
medmen1 = strcmp('MedMen',ModelName);
if latmen1 == 1
section=strcat(ModelName,'_ELEMENTS');
abaqus_spec.Part{1}.Solid_section.ATTR.elset=section;
abaqus_spec.Part{1}.Solid_section.ATTR.material='Meniscus';
elseif medmen1 == 1
section=strcat(ModelName,'_ELEMENTS');
abaqus_spec.Part{1}.Solid_section.ATTR.elset=section;
abaqus_spec.Part{1}.Solid_section.ATTR.material='Meniscus';
else
section=strcat(ModelName,'_ELEMENTS');
abaqus_spec.Part{1}.Solid_section.ATTR.elset=section;
abaqus_spec.Part{1}.Solid_section.ATTR.material='Cartilage';
end
% Create INP File
name=strcat(FileName,'.inp');
fileName =name;
[INP] = abaqusStruct2inp(abaqus_spec,fileName);
end
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Code to find matching nodes:

%
%
%
%
%
%
%
%
%
%

Usage:
inputFile1 = name of first file (ex. '1.txt')
inputFile2 = name of second file(ex. '2.txt')
outputFileName = name for output file (ex. '1-comp-2.txt')
Example:
Ensure files named 1.txt and 2.txt exist in the folder
containing this function file, then type the following
into the Command Window and hit enter:
findMatches('1.txt','2.txt', '1-comp-2.txt')

function findMatches(inputFile1, inputFile2, outputFileName)
% open the input and output files
% file1 = fopen('1.txt', 'r');
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% file2 = fopen('2.txt', 'r');
% output = fopen('1-comp-2.txt','w');
file1 = fopen(inputFile1, 'r');
file2 = fopen(inputFile2, 'r');
output = fopen(outputFileName, 'w');
fprintf(output, 'LIST:\n');
% read and store each line of file 1
fgetl(file1);
fgetl(file1);
tline = fgetl(file1);
tlines = cell(0,1);
splitline = strsplit(tline);
length1 = 0;
while(char(splitline(1)) ~= '*')
tlines{end+1, 1} = tline;
tline = fgetl(file1);
splitline = string(tline);
length1 = length1 + 1;
end
% read and store each line of file 2
fgetl(file2);
fgetl(file2);
tline2 = fgetl(file2);
tlines2 = cell(0,1);
splitline2 = strsplit(tline2);
length2 = 0;
while(char(splitline2(1)) ~= '*')
tlines2{end+1, 1} = tline2;
tline2 = fgetl(file2);
splitline2 = string(tline2);
length2 = length2 + 1;
end
% compare the lines of the files and store COOD matches
matches = cell(0,1);
k = 1;
for i=1:length1 - 1
c1 = strsplit(tlines{i}, ',');
node1 = char(c1(1));
COOD1_1 = char(c1(2));
COOD1_2 = char(c1(3));
COOD1_3 = char(c1(4));
for j=1:length2 - 1
c2 = strsplit(tlines2{j}, ',');
node2 = char(c2(1));
COOD2_1 = char(c2(2));
COOD2_2 = char(c2(3));
COOD2_3 = char(c2(4));
if (strcmp(COOD1_1, COOD2_1) == 1 && strcmp(COOD1_2, COOD2_2) == 1 &&
strcmp(COOD1_3, COOD2_3) == 1)
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disp('match!');
disp(k);
matches{k} = sprintf('NODE #%s FROM %s MATCHING NODE #%s FROM %s \n', node1,
inputFile1, node2, inputFile2);
fprintf(output, matches{k});
k = k + 1;
end
end
disp(i)
end
fprintf(output, '\n Total Number of Matching Nodes: %d\n', k - 1);
% close the files
fclose('all');
end
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